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Abstract
BACKGROUND
Stroke is a prevalent disorder with immense socioeconomic impact. A variety of chronic
neurological deficits result from stroke. In particular, sensorimotor deficits are a significant
barrier to achieving post-stroke independence.
Unfortunately, the majority of pre-clinical studies that show improved outcomes in animal
stroke models have failed in clinical trials. Pre-clinical studies using non-human primate (NHP)
stroke models prior to initiating human trials are a potential step to improving translation from
animal studies to clinical trials. Robotic assessment tools represent a quantitative, reliable, and
reproducible means to assess reaching behaviour following stroke in both humans and NHPs. We
investigated the use of robotic technology to assess sensorimotor impairments in NHPs following
middle cerebral artery occlusion (MCAO).
METHODS
Two cynomolgus macaques underwent transient MCAO for 90 minutes. Approximately
1.5 years following the procedure these NHPs and two non-stroke control monkeys were trained
in a reaching task with both arms in the KINARM exoskeleton. This robot permits elbow and
shoulder movements in the horizontal plane. The task required NHPs to make reaching
movements from a centrally positioned start target to 1 of 8 peripheral targets uniformly
distributed around the first target.
We analyzed four movement parameters: reaction time, movement time (MT), initial
direction error (IDE), and number of speed maxima to characterize sensorimotor deficiencies.
We hypothesized reduced performance in these attributes during a neurobehavioural task with
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the paretic limb of NHPs following MCAO compared to controls.
RESULTS
Reaching movements in the non-affected limbs of control and experimental NHPs showed
bell-shaped velocity profiles. In contrast, the reaching movements with the affected limbs were
highly variable. We found distinctive patterns in MT, IDE, and number of speed peaks between
control and experimental monkeys and between limbs of NHPs with MCAO. NHPs with MCAO
demonstrated more speed peaks, longer MTs, and greater IDE in their paretic limb compared to
controls.
CONCLUSIONS
These initial results qualitatively match human stroke subjects’ performance, suggesting
that robotic neurobehavioural assessment in NHPs with stroke is feasible and could have
translational relevance in subsequent human studies. Further studies will be necessary to
replicate and expand on these preliminary findings.

iii

Co-Authorship
This research was conducted under the supervision of the principal investigator Dr. D.J.
Cook, who planned the implementation of research protocols and provided revisions. Helen
Bretzke and Justin Peterson were integral in data analysis for this thesis. Tim St. Amand, Simone
Appaqaq, and myself were responsible for data collection for this project. Dr. Stephen Scott
provided important feedback on figures and how to best present data for this thesis. I produced
this thesis in its entirety.

iv

Acknowledgements
It may take a village to raise a child, but it takes an equally dedicated team and possibly
one just as large to complete a thesis. There are many people to whom I am very grateful to for
their support, encouragement, and academic assistance throughout the completion of my
Master’s.
First, I wish to thank my supervisor Dr. DJ Cook. I am honoured and privileged to be
your first graduate student. You have taught me a lot about being a clinician scientist. I
appreciated your kind and patient support through good times and bad. Thank you for allowing
me to pursue my goals while completing my Masters. I am grateful for your guidance,
encouragement, and enthusiasm during my Master’s experience. I hope to make you proud as I
follow in your footsteps pursuing medicine at the University of Toronto.
Helen and Justin: I can’t thank you enough for your support. Thank you for not only
helping me with analyzing my data, but for generously teaching me the ways of MATLAB with
patience and humour. I enjoyed my every visit to Abramsky because of your unyielding
positivity. Your kind assistance helped me gain confidence and was integral to the completion of
this thesis.
Dr. Stephen Scott, thank you for your guidance, critiques, encouragement, and attention
while putting this thesis together. Your advice was greatly appreciated and my thesis benefited
from your generous assistance.
Tim, Simone, Kim, Anne, and Jess thank you for teaching me how to work with the
NHPs. I was fortunate to have so many supportive people to seek counsel from throughout the

v

data collection phase of my thesis. Thank you as well to the Animal Care Staff at Queen’s for the
care they take with the animals.
Thank you to Nicole for her guidance and amazing edits; your support has been
invaluable. Thanks to Chris for your distinct ability to put things into perspective and excellent
edits; I am lucky to have such a supportive brother. Thank you as well to Lindsey: editor
extraordinaire; you kept me laughing these past two years and for that I am grateful.
Finally, I wish to extend an enormous thank you to my family, especially my mom and
dad. They were pillars of support to me through all the ups and downs of this process. I am
blessed to have such a loving and caring family that I can always count on.

vi

Table of Contents
Abstract ........................................................................................................................................... ii	
  
Co-Authorship................................................................................................................................ iv	
  
Acknowledgements ......................................................................................................................... v	
  
List of Figures ................................................................................................................................. x	
  
List of Tables ................................................................................................................................. xi	
  
List of Abbreviations .................................................................................................................... xii	
  
Chapter 1 – Introduction ................................................................................................................. 1	
  
1.1 Introduction to Stroke............................................................................................................ 1	
  
1.1.1 Epidemiology.................................................................................................................. 1	
  
1.1.2 Types of Stroke and Etiology ......................................................................................... 2	
  
1.1.3 Symptoms of Stroke ....................................................................................................... 3	
  
1.1.4 Stroke Pathophysiology .................................................................................................. 4	
  
1.1.5 Treatments for Stroke ..................................................................................................... 6	
  
1.2 Translational Stroke Research ............................................................................................... 7	
  
1.2.1 Animal Models in Stroke ................................................................................................ 8	
  
1.3 Non-Human Primates as a Stroke Model ............................................................................ 10	
  
1.3.1 Benefits of NHPs as a Pre-Clinical Model for Stroke .................................................. 11	
  
1.4 Outcome Measures Used in Stroke Patients ....................................................................... 14	
  
1.4.1 Clinical Outcome Measures.......................................................................................... 15	
  
1.4.2 A Quantitative Outcome Measure for Stroke Clinical Trials ....................................... 18	
  
1.5 Robotic Outcome Assessment in a NHP Model of Stroke.................................................. 23	
  
1.5.1 Benefits of Robotics to Assess Neurobehaviour in NHP Stroke Models ..................... 23	
  
1.5.2 Translational Relevance of Robotic Outcome Measures in NHP Stroke Models ........ 24	
  
Chapter 2 – Research Purpose and Hypothesis............................................................................. 26	
  
Chapter 3 – Materials and Methods .............................................................................................. 29	
  
3.1 Non-Human Primate Subjects ............................................................................................. 29	
  
3.1.1 Animals ......................................................................................................................... 29	
  
3.1.2 Stroke Model ................................................................................................................ 29	
  
3.2 Experimental Set-up and Task ............................................................................................ 30	
  
vii

3.2.1 Experimental Set-up ..................................................................................................... 30	
  
3.2.2 Experimental Task ........................................................................................................ 32	
  
3.3 Data Analysis ...................................................................................................................... 35	
  
3.3.1 Analysis of Successful Trials ....................................................................................... 35	
  
3.3.2 Analysis of Reaching Performance .............................................................................. 36	
  
3.3.2.1 Temporospatial Analysis of Reaching Performance.............................................. 37	
  
3.3.2.2 Temporospatial Analysis Based on Target ............................................................ 39	
  
3.4 Qualitative Correlates of Robotic Outcome Measures ........................................................ 40	
  
3.4.1 Behavioural Correlate ................................................................................................... 40	
  
3.4.2 Anatomical Correlate .................................................................................................... 40	
  
Chapter 4 – Results ....................................................................................................................... 42	
  
4.1 Subjects ............................................................................................................................... 42	
  
4.2 Interlimb Differences .......................................................................................................... 43	
  
4.3 Robotic Assessment ............................................................................................................ 46	
  
4.3.1 Reaction Time............................................................................................................... 51	
  
4.3.2 Initial Direction Error ................................................................................................... 53	
  
4.3.3 Movement Time ........................................................................................................... 55	
  
4.3.4 Number of Speed Maxima ............................................................................................ 57	
  
4.4 Comparison of Successful Trials......................................................................................... 59	
  
4.5 Comparison in Reaching Performance to Different Targets ............................................... 59	
  
4.6 Robotic Outcomes Compared to Anatomical and Behavioural Correlates ......................... 65	
  
4.6.1 Behavioural Correlates ................................................................................................. 65	
  
4.6.2 Anatomical Correlates .................................................................................................. 65	
  
Chapter 5 - Discussion .................................................................................................................. 67	
  
5.1 Choice of NHP Species ....................................................................................................... 67	
  
5.2 Analysis of Sensorimotor Changes after MCA Stroke in NHPs ......................................... 68	
  
5.2.1 Analysis of Movement Parameters ............................................................................... 72	
  
5.2.1.1 Reaction Time ........................................................................................................ 74	
  
5.2.1.2 Initial Direction Error ............................................................................................ 75	
  
5.2.1.3 Movement Time ..................................................................................................... 76	
  
viii

5.2.1.4 Number of Speed Maxima ..................................................................................... 76	
  
5.3 Anatomical and Behavioural Correlates of Sensorimotor Outcomes ................................. 78	
  
5.3.1 Behavioural Correlate - NHPSS ................................................................................... 78	
  
5.3.2 Anatomical Correlates - MRI ....................................................................................... 78	
  
5.4 Study Limitations ................................................................................................................ 79	
  
5.4.1 Training Procedures ...................................................................................................... 80	
  
5.4.2 Influence of Hand Preference ....................................................................................... 80	
  
5.4.3 Influence of Neglect ..................................................................................................... 82	
  
5.4.4 KINARM ...................................................................................................................... 83	
  
5.4.5 Choice of Task Parameters ........................................................................................... 85	
  
Chapter 6 – Conclusions and Future Directions ........................................................................... 88	
  
References ..................................................................................................................................... 92	
  

ix

List of Figures
Figure 1.1: Pathophysiology of Stroke .......................................................................................... 6	
  
Figure 1.2: The KINARM Robotic Exoskeleton ......................................................................... 20	
  
Figure 1.3: KINARM use in Human Stroke Patients - Demonstrating Interlimb Asymmetry.... 22	
  
Figure 3.1: Arms-free Restraint Chair ......................................................................................... 32	
  
Figure 3.2: Schematic of Experimental Set-Up and Visually Guided Reaching Task ................ 34	
  
Figure 3.3: Schematic of Labeled Targets Used in the Reaching Task ....................................... 34	
  
Figure 3.4: Schematic of Initial Direction Error .......................................................................... 38	
  
Figure 3.5: Schematic of Speed-Based Movement Parameters Analyzed ................................... 39	
  
Figure 4.1: Interlimb Comparison Hand Path Graphs for NHPs from a Representative Day at
Final Parameters............................................................................................................................ 45	
  
Figure 4.2: Representative Hand Path Graphs and Corresponding Velocity vs. Time Graphs for
Right Limb of NHPs from a Representative Day at Final Parameters ......................................... 48	
  
Figure 4.3: Representative Hand Path Graphs and Corresponding Velocity vs. Time Graphs for
Left Limb of NHPs from a Representative Day at Final Parameters ........................................... 50	
  
Figure 4.4: Difference in Reaction Time (RT) between Right and Left Limbs of NHPs............ 52	
  
Figure 4.5: Difference in Initial Direction Error (IDE) between Right and Left Limbs of NHPs54	
  
Figure 4.6: Difference in Movement Time (MT) between Right and Left Limbs of NHPs........ 56	
  
Figure 4.7: Difference in Number of Speed Maxima between Right and Left Limbs of NHPs . 58	
  
Figure 4.8: Mean Reaction Time (RT) to Each Target from 10 Days Analyzed......................... 61	
  
Figure 4.9: Mean Initial Direction Error (IDE) to Each Target from 10 Days Analyzed............ 62	
  
Figure 4.10: Mean Movement Time (MT) to Each Target from 10 Days Analyzed................... 63	
  
Figure 4.11: Mean Number of Speed Maxima (NSM) to Each Target from 10 Days Analyzed 64	
  
Figure 4.12: MRI Images of NHPs with MCAO ......................................................................... 66	
  

x

List of Tables
Table 1.1: Non-Human Primate Stroke Scale .............................................................................. 14	
  
Table 4.1: Final Reaching Task Parameters for Right and Left Limbs of all NHP Subjects ....... 42	
  

xi

List of Abbreviations
The table that follows is a list of abbreviations used in this thesis. The page number of the
abbreviations first appearance is provided along with it’s meaning.
Abbreviations

Meaning

Page

ADL

Activities of daily living

1

ATP

Adenosine triphosphate

4

AMPA

α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

5

BP

Blood pressure

3

C-1

Control Subject 1

51

C-2

Control Subject 2

51

CIMT

Constraint-induced movement therapy

91

DOF

Degrees of freedom

84

DTI

Diffusion tensor imaging

72

ECG

Electrocardiogram

30

EEG

Electroencephalogram

88

ENACT

Evaluating Neuroprotection in Aneurysm Coiling Therapy

12

FMA

Fugl-Meyer Assessment of Sensorimotor Recovery After Stroke

17

fMRI

Functional magnetic resonance imaging

90

FRONTIER

Field Randomization of NA-1 Treatment in Early Responders

10

IDE

Initial direction error

27

INT

Interaction torque

69

xii

KINARM

Kinesiological Instrument for Normal and

19

Altered Reaching Movements
MCA

Middle cerebral artery

10

MCAO

Middle cerebral artery occlusion

10

MRI

Magnetic resonance imaging

40

MRS

Modified Rankin Scale

15

MT(s)

Movement time(s)

27

NHP(s)

Non-human primate(s)

10

NHPSS

Non-Human Primate Stroke Scale

13

NIHSS

National Institutes of Health Stroke Scale

13

NMDA

N-methyl-D-aspartate

5

RA-1

Right-Affected MCAO Subject 1

51

RA-2

Right-Affected MCAO Subject 2

51

RAT

Robot-assisted therapy

91

RT(s)

Reaction time(s)

27

rtPA

Recombinant tissue plasminogen activator

6

STAIR

Stroke Therapy Academic Industry Roundtable

10

WHO

World Health Organization

1

xiii

Chapter 1 – Introduction
1.1 Introduction to Stroke
Stroke is described by the World Health Organization (WHO) as acute neurologic
dysfunction of vascular origin with rapid onset where symptoms are consistent with the
involvement of focal areas in the brain1. The result of this disruption in normal blood supply is
transient or permanent focal neurological deficits1.
1.1.1 Epidemiology
Stroke was estimated to be the second most common cause of death worldwide in 2010,
and is currently the third leading cause of death in Canada2-4. Stroke has an immense economic
burden; globally stroke accounts for 2-4% of all health care costs and costs the Canadian
economy 3.6 billion dollars annually in health care and disability-related costs2, 5. In addition,
stroke is responsible for 6% of all deaths in Canada, with an estimated prevalence of 1.15%3, 5. In
Canada, there are 50 000 new strokes annually; however, there has been tremendous progress in
stroke care and the current survival rate in Canada is 80%5. Despite the decreased mortality rate,
the number of Canadians experiencing stroke related effects is expected to rise by an estimated
31%, due to population growth and demographic changes including the aging population4. The
increased survival rate also coincides with increased costs associated with sustained disabilities.
In fact, more than half of all annual health care costs due to stroke result from support for longterm survivors6. It is projected that 36% of stroke survivors suffer significant long-term
disabilities that continue to be problematic 5 years after stroke4. Additionally, more than 40% of
stroke survivors require assistance with activities of daily living (ADL) after suffering a stroke4.
Out of all stroke survivors, 50% suffer hemiparesis in the contralesional side; one
1

epidemiological study demonstrated that 81.5% of stroke survivors had paresis and 44.5% had
sensory deficits6, 7. Thus, sensorimotor deficits in particular can be an immense burden to
patients post-stroke. With more stroke survivors increasing the demands on health care and
social care systems new therapeutic interventions are necessary to facilitate functional recovery
following stroke.
1.1.2 Types of Stroke and Etiology
Stroke can be described broadly as a neurological condition that occurs when there is an
obstruction of blood flow to the brain. Without swift reperfusion following this cerebral vascular
injury brain cells will die, which can result in long-term consequences and disabilities. There are
a variety of risk factors that can put an individual at greater risk of experiencing stroke. These
include: age, hypertension, smoking, atrial fibrillation, diabetes, dyslipidemia, cerebrovascular
disease, sickle cell disease, physical inactivity, obesity, and central body fat distribution8.
There are two main types of stroke: hemorrhagic and ischemic stroke. Hemorrhagic
stroke is responsible for 13.8% of all strokes, but 40% of stroke related deaths8. These strokes
are usually the result of a weakened, ruptured blood vessel or a ruptured brain aneurysm that
causes blood to spill into the brain producing swelling, pressure, and cellular damage.
Hemorrhagic stroke can be intracerebral or subarachnoid in nature. In the case of intracerebral
hemorrhagic stroke, a blood vessel in the brain bursts; this is often associated with age and/or
hypertension8. These strokes usually occur in deep portions of the cerebral hemisphere mainly
affecting the basal nuclei8. Subarachnoid hemorrhage accounts for 5.4% of all strokes and occurs
when there is a bleed in the area between the brain and subarachnoid space2, 8. This type of stroke
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often results in global ischemia and can be due to a ruptured aneurysm or bleeding associated
with a bleeding disorder, head injury, or blood thinner medication2.
Alternatively, ischemic stroke is due to occlusion in a blood vessel that carries blood to
the brain. This results in critically low levels of cerebral blood flow to the parts of the brain
supplied by the occluded vessel. This may be caused by embolic blood clot, thrombosis, or
ruptured plaque. This stroke type is more common, making up 85% of all strokes8. High blood
pressure (BP) is a major risk factor for this type of stroke. In embolic stroke a blood clot or
plaque, known as an embolus, forms in a blood vessel outside of the brain, usually in the aorta or
another large artery. This embolus then travels to a blood vessel in the brain blocking blood flow.
In contrast, with thrombotic stroke a blood clot, called a thrombus, forms inside an artery that
supplies blood to the brain. Peripheral cholesterol plaques in the artery wall are a common cause
of clot; thus, high cholesterol and atherosclerosis are common causes of thrombotic stroke8.
1.1.3 Symptoms of Stroke
Stroke symptoms are rapid in their onset and have no apparent cause other than vascular
origin8. Neuroimaging techniques are used to confirm stroke diagnoses, as well as classify the
subtype and identify brain infarction size and location8. Signs and symptoms of focal ischemia,
according to the WHO, include: unilateral or bilateral motor or sensory impairments,
hemianopia, diplopia, dysphagia, apraxia, ataxia, perception deficits, dysphasia/aphasia and
forced gaze8. Other signs of stroke include dizziness/vertigo, localized headache, blurred vision,
dysarthria, seizures, impaired consciousness, impaired cognitive function or confusion8. Paresis
is the most common symptom at stroke onset and is experienced by 81.6% of stroke patients7.
These motor symptoms can manifest as trouble walking, loss of balance, and issues with
3

coordination that often affect one side of the body. When symptoms appear it is imperative that
medical attention is sought immediately, as the most effective treatment for stroke currently is
time-sensitive2.
1.1.4 Stroke Pathophysiology
Stroke alters local cerebral blood flow, disrupting normal, homeostatic cellular
mechanisms that ultimately result in necrosis9. Compensatory blood flow known as collateral
blood flow can supply regions of the affected tissue. This redundant flow resulting from
anastomoses or branches between adjacent blood vessels can prevent the complete abolishment
of oxygen and glucose to affected areas after focal ischemia10. Collateral flow that surrounds the
ischemia supplies enough blood flow to maintain viable, but not functional tissue, for a period of
time; this establishes an area known as the penumbra. The penumbra generally surrounds the
tissue with the most severe ischemic damage, which is called the stroke core. Cells in the
penumbra suffer mild to moderate ischemia; hence, they may remain receptive to recovery
following reperfusion for several hours after stroke10. However, without early reperfusion even
cells suffering mild to moderate ischemia in the penumbra are susceptible to cell death10.
Between one third and one half of stroke lesion volume is made up of penumbra region10. These
cells are able to transiently metabolize glucose; as a result, they die more slowly than cells in the
core region10. As the lesion expands over time the penumbra will collapse and active cell death
mechanisms will be initiated10. Thus, cells in the penumbra are more susceptible to death from
apoptotic mechanisms, while cells in the stroke core are more likely to succumb to necrosis10.
Neurons require a near constant supply of blood flow for survival. When blood flow to
the brain is reduced, oxygen levels are diminished, resulting in decreased adenosine triphosphate
4

(ATP) levels, which will trigger cellular mechanisms that produce toxicity and cell death. This
failure of energy dependent mechanisms impairs ion pumps, which ultimately produces cell
depolarization via potassium ion release and sodium and calcium ion influx10. Increased
intracellular calcium ion concentration is exacerbated by cell depolarization via voltage gated
calcium channels.
In turn, depolarization results in increased neurotransmitter release. Released glutamate acts
on ligand-gated cation channels, namely N-methyl-D-aspartate (NMDA) receptors and α-amino3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors to further increase
intracellular calcium concentrations9. Importantly, calcium ion channel antagonists that block
intracellular increase in calcium do not stop cell death after stroke9. This indicates that increased
calcium levels are not solely responsible for pathophysiology of stroke. However, increased
intracellular calcium will activate proteases and phospholipases that degrade cell membranes and
proteins that are critical for cellular integrity9.
Increased calcium ions also results in activation of nitric oxide synthase, which generates
reactive nitrogen species and can result in DNA destruction, lipid peroxidation, and protein
peroxidation, which can cause irreversible cell damage10. Depleted energy stores in cells and
failure of electron transport mechanisms in the mitochondria can also generate free radicals10.
DNA damage and excessive oxygen radical formation, common in ischemic cells, can act as an
apoptogenic trigger resulting in cell death10. Altered membrane permeability, sustained
depolarization, and loss of homeostasis resulting from depleted ATP can cause cell swelling and
free radical production that ultimately results in necrosis11.
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Figure 1.1: Pathophysiology of Stroke
A schematic demonstrating the major pathways implicated in ischemic cell death during stroke.
Excitotoxicity, oxidative stress, ionic imbalance, and nitrosative stress are all integrally
connected in this process. Loss of energy substrate leads to ionic imbalance due to calcium ion
influx and toxic activity of excitatory glutamate. Further, energy deficits result in mitochondrial
dysfunction that produced reactive oxygen species (ROS) and reactive nitrogen species
(RNS). These generate free radical damage causing irreversible harm to membrane lipids,
cellular proteins, and DNA. Modified from Lo, Dalkara, & Moskowitz (2003).
1.1.5 Treatments for Stroke
There are no treatments that will guarantee functional recovery following stroke. The
most effective treatment currently available after stroke is intravenous thrombolysis using
recombinant tissue plasminogen activator (rtPA). This therapy should be administered within 3
hours following stroke; if it is administered later than 4.5 hours post stroke it is no longer useful8.
As a result of these constraints, less than 5% of patients are eligible for this type of therapy12.
Treatment with rtPA increases post-stroke patient independence and has been linked to improved
6

outcomes 3 months after stroke8. Poor patient prognosis due to increased age, abnormally high
systolic BP, stroke severity, or elevated serum glucose levels may disqualify patients from
receiving this therapy due to increased risk of parenchymal haemorrhage8, 13. Alternatively,
physicians can administer antiplatelet therapy, like aspirin, that enhance blood flow to the brain
in ischemic stroke patients within 48 hours following stroke, excluding those patients affected by
hemorrhagic stroke. Aspirin reduces mortality and early recurrent ischemia following stroke.
Surgical intervention to repair blood vessels, or remove blood clots may be considered, but
depends on numerous factors such as size of stroke, infarction location, and presence of
intraventricular expansion of the hemorrhage8.

1.2 Translational Stroke Research
There has been limited success in developing therapies for acute ischemic stroke, which
means that stroke-related disability continues to be a worldwide issue14. For years, animal
models, mainly rodent, have been used to test the efficacy of potential stroke treatments.
Unfortunately, most agents that appear to be effective in pre-clinical studies fail to show clinical
improvements in human trials15.
Animal models were critical in developing rtPA16. Experiments with rabbits showed that
rtPA could reduce cerebral infarct size following thromboembolic stroke, restore blood flow
within an hour after treatment, and reduce cell death by 75%16, 17. Experiments in these preclinical models translated to successful clinical trials in humans18. However, the aforementioned
limits to the clinical application of thrombolytic therapy with rtPA have caused current stroke
research to focus on finding alternative stroke therapies in the form of neuroprotectants. The goal
of this type of therapy is to increase the resilience of the brain to acute ischemia, essentially
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preventing the mechanisms that produce brain cell death from occurring. Establishing novel
neuroprotectants will require thorough studies in animal models, ideally using both small and
large mammals, before testing in human populations.
1.2.1 Animal Models in Stroke
Animal models are essential in stroke research as they enable greater control of
potentially confounding factors, such as stroke severity, anatomy, duration, and timing of the
therapeutic interventions to better assess neurochemical changes, behavioural outcome, and
pathophysiology following stroke19. Animal models have already been greatly beneficial in
understanding the pathophysiology of stroke. Mice, rats, gerbils, rabbits, monkeys, cats, dogs,
pigs, and sheep have all been used as stroke models15. It is through these models that stroke
researchers have been able to elucidate mechanisms of cell death and neural repair to enhance
our understanding of stroke6. These models have been integral in understanding complex cellular
cascades that underlie ischemic injury and have helped to identify possible therapeutic targets.
For example, it was from studies in baboons that evidence of a penumbra area was first
detected20.
It is challenging to develop an animal model of stroke that accurately reflects the
heterogeneity seen in humans, which results from the complex pathophysiology of stroke and
diverse risk factors and etiology19. Increasing variability in animal models to represent the stroke
diversity seen in humans reduces essential experimental control. There are a variety of factors
that influence the efficacy of animal models in stroke research: outcome measures utilized,
techniques used to produce the stroke, and species selected are critical to the development of
these models21. Strategic planning from pre-clinical to clinical trials will be crucial in the future
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of stroke research, such that pre-clinical studies should be planned to mirror the clinical trial that
would theoretically follow the experimental study14.
Discordance between outcome measures used in human clinical trials and those that are
feasible in animal models have likely contributed to the limited translational success of preclinical trials. Experimental studies are more likely to rely on quantifying the degree of cell loss,
or infarct volume shortly after the ischemic event to evaluate neuroprotection22. In contrast,
clinical studies will use much broader functional outcomes, often using behaviour as a measure
of neuroprotective success rather than histological features22. Attempts should be made to
employ conserved outcome measures between human and animal studies. Furthermore, allowing
a longer duration between stroke onset and evaluation of functional measures will increase
model validity and reduce the likelihood of advancing time consuming, costly clinical trials for
an ineffective therapy23.
When behavioural outcome measures are employed in both pre-clinical and clinical trials,
humans are usually tested on pre-existing behaviours, while animals must often learn to perform
behavioural tasks. Further, these tasks may only vaguely mirror natural animal behaviour.
Human trials assess complex behaviours in several neurologic domains using clinical stroke
assessment scales, while animal studies are more likely to study global function following
stroke24. Thus, changes observed in animal behaviour may not translate to clinical improvements
in humans21. Future pre-clinical studies must assess specific neurological deficits using outcome
measures that can be conserved between animal stroke models and humans.
Choosing a technique to model human stroke in pre-clinical models also influences
translation success. The main challenge when selecting a technique to model stroke is striking a
balance between maintaining experimental control and effectively modeling heterogeneous
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stroke in humans. Endovascular techniques with autologous blood clots create strokes that
closely resemble human strokes and can even be reperfused with standard thrombolytic
therapies21. However, despite being noninvasive these strokes are often smaller with increased
variation in stroke volume and location, and neurological outcomes, making it difficult to create
a standardized animal model21, 25. One endovascular procedure confirmed high variability of
stroke associated with this method after wedging a microcatheter in a branch of the middle
cerebral artery (MCA) for 3 hours in a non-human primate (NHP) model24. Photothrombotic
methods have also been developed. Despite being less invasive, they produce smaller strokes
with more variable location and distal vascular distributions21. Surgical interventions that use a
surgical clip or suture ligation to permanently occlude the MCA are often well tolerated and
controlled, but come with higher risks of infection and mortality21. Occlusion models produce
chronic strokes, which are ideal in testing rehabilitative therapies and longitudinal changes in
outcome measures26, 27. Open craniotomy methodology is more challenging to perform owing to
the exposed MCA; however, they enable precise ligation of MCA at any point along its length,
and allows for easy tissue access for subsequent microarray studies28. Surgical models, such as
middle cerebral artery occlusion (MCAO) have previously been used successfully in a preclinical, translational stroke model28.

1.3 Non-Human Primates as a Stroke Model
The anatomic, behavioural, and genetic similarities between NHPs and humans have led
Stroke Therapy Academic Industry Roundtable (STAIR) protocol to suggest the use of monkey
models to bridge the translational gap between studies with lower order mammals and clinical
trials in humans14. The FRONTIER (Field Randomization of NA-1 Treatment in Early
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Responders) trial is a multicenter clinical trial currently testing the efficacy of NA-1, a novel
neuroprotectant for stroke29. This drug was found to be therapeutic in both rodents and NHPs
prior to initiating trials in humans28. NHPs show tremendous promise for testing neuroprotectant
therapies for stroke. Not only does testing therapies in monkeys before humans avoid the
potential costs of initiating a clinical trial for an ineffective treatment, but it also offers validation
of a therapy in an animal model that more closely resembles human anatomy. Currently, mice
are the most commonly used animals to model stroke, mainly owing to the variety of transgenic
models and ease of housing and care. However, most stroke therapies that benefit mice proceed
to fail in clinical trials. Pre-clinical trials in NHPs may prove to be essential to the development
of future of stroke therapies.
1.3.1 Benefits of NHPs as a Pre-Clinical Model for Stroke
A previous study that compared stroke in rats and NHPs demonstrated an accelerated cell
death rate in NHPs that was more similar to humans than the rate found in rats30. These
differences may partially account for the failure to translate neuroprotectants from rodent to
human models and provides evidence for the use of NHPs in bridging the gap between them.
Stark anatomical differences between lower order mammals and humans may also contribute to
the difficulty in translating neuroprotectants to successful human trials. Rats and other small
mammals have lissencephalic brains, which means their cortex is smooth with no gyri or sulci
that results in a smaller surface area. Lissencephalic brains are useful in developing a consistent
model of stroke. The smooth cortex enables precise, easily reproducible lesions with reduced
variability in outcome measures and predictable deficits21. However, without gyri and sulci these
lissencephalic animals have a reduced cortical surface area to brain mass ratio, with fewer white
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matter tracts, and an increased grey to white matter ratio that is discordant from humans12.
Previous attempts to translate promising pre-clinical studies from these primates, such as the
common marmoset (Callithrix jacchus) to humans have failed28, 31. In particular, NXY-059, a
novel neuroprotectant that met STAIR criteria, showed attenuated spatial neglect and motor
ability, as well as reductions in infarct volume in the common marmoset with chronic MCAO28,
32-34

. However, this drug proceeded to fail in human trials31. This research suggests that

lissencephalic primate species are not an effective pre-clinical, translational stroke model24.
In contrast, the NHP families of Macaca and Ceropithecus are gyrencephalic species
with neurovascular anatomy, cortical and subcortical organization that more closely resembles
humans than lissencephalic species12, 35. This includes deep gray nuclei, white matter tracts, and
white-grey ratio34. Macaque monkeys have an increased proportion of white matter, along with
subcortical and cortical anatomy that closely models humans12.
Whether these anatomical similarities will translate into greater predictive value of
success in humans remains to be seen. However, the success of a study by Cook et al. (2012),
that assessed PSD-95 inhibitor efficacy in a cynomolgus macaque model that was successfully
replicated in humans with the ENACT (Evaluating Neuroprotection in Aneurysm Coiling
Therapy) trial validates the use of NHPs as a pre-clinical stroke model to assess novel
neuroprotectants28, 36, 37.
NHPs are also easily trained, which allows for cognitive and sensorimotor changes to be
evaluated using functional assessments with specific neurobehavioural tasks. NHPs have greater
complexity of corticospinal tracts and have been shown to engage more complex neural circuits
in the frontal and parietal lobes when generating movement38. Thus, a greater range of skilled
motor functions and neuromuscular components can be assessed in a monkey model of stroke38.
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Theoretically, tasks used in NHPs could also be used in humans to facilitate very similar
outcomes measures; this would be exceedingly beneficial in comparing outcome measures
between species. For example, the Non-Human Primate Stroke Scale (NHPSS) tests
neurobehaviour in NHPs similarly to the National Institutes of Health Stroke Scale (NIHSS) that
is used clinically in humans21. Tests with greater specificity that focus on particular aspects of
neurological dysfunction can also be conducted in NHPs. For example, the two-tube choice test
evaluates hand preference and spatial neglect and the hill and valley staircase task assesses
hemiparesis and hemi-sensory neglect21. Regular and long-term outcome measures are also
feasible in NHPs to further validate the model or treatment being studied.
•

Non-Human Primate Stroke Scale (NHPSS)

This previously validated scale uses a battery of neurobehavioural tests to discern global
stroke recovery in NHPs21, 28, 39. This outcome measure is unique for assessing NHPs with stroke
and provides data pertaining to movement ability, balance, sensory perception, and basic
reflexive behaviors21. The NHPSS is based on the NIHSS, a clinical scoring system used in
human subjects21, 27, 39. The NHPSS incorporates many of the same measures assessed in the
NIHSS such as level of consciousness, visual field deficits, facial palsy, sensory loss, neglect,
and limb motor skills. Each category assessed in the NHPSS receives a categorical score based
on observations of the animal’s ability. A higher score represents greater severity of neurologic
impairment, such that a score of 0 is normal and score of 41 represents severe bilateral
neurologic deficit28. This scale represents an improved functional outcome measure that relies on
more goal-oriented and naturalistic tasks to assess behavior and motor function with greater
precision and accuracy in NHPs with strokes21, 39.

13

Table 1.1: Non-Human Primate Stroke Scale
The NHPSS; categories analyzed in NHPs post-stroke with the total possible range for each
category in the first column on the left. Adapted from scale first presented by Roitberg, et al
(2003).
1
Drowsy or
apathetic
Diminished
Absent

2
Unconscious

Normal

Asymmetrical use
or strength noted

Clear, marked
weakness

Gait (0-3)

Normal

Limping

Severely
impaired

Circling (0-2)

Normal
behaviour

Constant rotation

Bradykinesia (0-2)
Balance (0-2)

None
Normal

Noticeable
preference to turn
to one side
Mild
Mildly impaired

Neglect (right/left) (0-2
x 2)

No neglect

Visual Field
cut/Hemianopia
(right/left) (0-1 x 2)

None

Facial Weakness
(right/left) (0-2 x 2)

No
weakness

State of Consciousness
(0-2)
Defense Reaction (0-2)
Grasp Reflex
(right/left) (0-1 x 2)
Extremity Movement
(upper/lower;
right/left) (0-4 x 4)

0
Normal
Normal
Present

3

4

None

Extinction of
stimulus to one
side when stimuli
present
simultaneous
No response to
visual stimuli in
the affected field
(no blinking
reflex)
Mild

Minimal
movement,
profound
weakness
Does not
walk (may
crawl)

No voluntary
use and no use
in response to
stimulation

Severe
Profoundly
impaired, unable
to stand on two
feet
Complete neglect
of all stimuli
presented to
affected side

Profound –
constant drooling

1.4 Outcome Measures Used in Stroke Patients
There have been numerous outcome measures designed to assess functional outcomes
following stroke. However, there has been limited consensus regarding an optimal end-point for
use in clinical trials. Training protocols for raters are inconsistent, stroke scales employed are
diverse, and the data collection methods and outcomes assessed in patients are variable. This
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results in immense heterogeneity in functional outcome assessment in stroke clinical trials,
affecting the ability to compare results to other trials40. Quantitative outcome measures that
characterize specific deficits following stroke are critical for standardizing future translational
stroke research.
1.4.1 Clinical Outcome Measures
Individually, clinical outcome measures have been shown to be reliable and valid ways to
assess functional outcome. However, with so many outcome measures to choose from there is a
lack of consistency in measures selected for use in clinical trials. Moreover, current outcome
measures require qualitative assessment using hierarchal, ordinal, and categorical scales that can
lack the sensitivity to detect clinically relevant changes in stroke patient functional outcomes41.
The proceeding paragraphs describe some of the most commonly used clinical outcome
measures following stroke.
•

Modified Rankin Scale (MRS)

The MRS is the most commonly used functional outcome measure in stroke clinical
trials38, 42, 43. Dr. John Rankin developed this scale in 195744. The initial Rankin Scale was
modified in the late 1980’s to accommodate language disorders and cognitive defects in the scale
used presently45. It is a hierarchal, ordinal, 7-point scale used to assess changes in activity and
lifestyle owing to stroke45. This disability scale assigns global scores ranging from 0 (no
symptoms) to 5 (severe disability) and 6 (death)45. It has been shown to have excellent construct
and convergent validity, and excellent test-retest reliability46-48. The reliability and inter-observer
validity of this scale have been shown to be sufficient49. However, there is room for
improvement as this scale is frequently criticized for it’s subjective nature. Variation between
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raters can reduce the ability to detect treatment effects by introducing noise into the outcome
assment46. The MRS categories are broad and open to subjective interpretation, resulting in
discord between raters. Significant biases can enter into the scoring, as there are no specific
activities used to assess the patient’s level of impairment. Walking is the only explicit criteria on
the scale; however, even that is left open to interpretation as it is not defined whether using an
aid constitutes being able to walk50. It has been suggested by researchers that standardized
patient questions or an ADL checklist be incorporated into the MRS to uniformly assess
individuals with the scale50. Attempts have been made to reduce subjectivity in the MRS by
adding a specific interview component, incorporating a training module for raters, and using
sources beyond the patient themselves, such as caregivers, family members, and health care
professionals to assign scores45, 46, 51. These efforts have not been shown to consistently reduce
inter-observer variation.
Global scores help to quickly group patients into categories, and should maximize interrater reliability. Not only does the MRS demonstrate that a global scale is not immune to interobserver bias, it also shows the severe impact on the ability to detect subtle but clinically
significant changes in patient disability48. The MRS is a valuable tool to assess disability
following stroke; however, improvements can be made to reduce the qualitative approach taken
to scoring patients.
•

National Institutes of Health Stroke Scale (NIHSS)

The NIHSS evaluates neurologic outcome and was validated in 198952. It is a 15-item
scale assessing the effects of stroke on consciousness, language, hemi-inattention, visual field,
dysarthria, coordination, motor strength, extraocular movements, facial muscle function, and
sensory loss. A trained rater will score each element out of 3, 4, or 5 depending on the item, for a
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total possible score of 42. A score of 0 is normal, with a higher score indicating greater severity
of neurologic impairment. Rater training is required and consists of instructional videos53. Scores
are allotted based on rater observation of subject performance. Inter-rater reliability was found to
be poor in the absence of training53. Test-retest reliability and inter-rater reliability have been
shown to be excellent with rater training52, 53. Interestingly, the most reliable item scored
(pupillary response) showed low validity, while items with higher inter-rater variability (upper or
lower extremity motor function) were more valid53. This introduces a peculiar dichotomy that
could hinder the scale’s ability to objectively measure neurologic outcome. This scale has also
been shown to have significant ceiling effects, whereby patients with severe stroke cannot be
differentiated beyond a certain point54-56. The NIHSS is a valid stroke outcome measure that
requires minimal training and is fairly quick to administer; however, reducing ceiling effects and
improving on the qualitative nature of the scale would be useful.
•

Fugl-Meyer Assessment of Sensorimotor Recovery After Stroke (FMA)

The FMA was developed to evaluate sensorimotor stroke recovery, and was based off of
Twitchell and Brunnstrom’s progressive stages of motor recovery57, 58. It measures motor
function, sensory function, balance, and joint function in hemiplegic stroke patients. It has 5
domains: motor (upper and lower extremities), sensory function, balance (sitting and standing),
joint range of motion, and joint pain. Each domain consists of a varied number of items that are
scored based on completion in a 3-point ordinal scale; a score of 3 indicates complete function
and a score of 0 means the subject was unable to complete the task for a total possible score of
226. The FMA is widely used as a clinical trial outcome measure in stroke patients and has been
shown to have good inter-rater reliability, test-retest reliability, and construct validity58. The test
is lengthy to administer in its entirety and raters should be trained physical or occupational
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therapists. The balance and sensory subscales have been shown to have lower reliability and
validity, as well as significant ceiling effects59, 60. The joint pain and sensation subscales have
been criticized for their subjective nature58. Despite the motor subscale being well defined and
grounded in observable motor recovery stages, a significant ceiling effect has been found in the
motor subscales and has been criticized for emphasizing the upper limbs58. One of the most
important criticisms of the FMA is that it does not include functional tasks and that items are
scored on completeness61. Accordingly, the score is less sensitive to subtle changes in condition.
Furthermore, it may separate motor recovery from functional recovery and thus, may not detect
functional improvements61.
These clinical assessment tools remain inherently subjective, as they are often based on a
clinician’s perceptual decision after observing a patient’s behaviour62, 63. Further, they do not
provide insight into why patients may be struggling to perform a task, which is critical to
furthering researchers’ understanding of the precise identity of neurologic impairments62.
Despite these measures being standardized and validated, they use ordinal scales that make it
challenging to determine if a patient is improving. They often provide so few rating choices that
these tools fail to detect subtle, but clinically important functional changes62, 64. Quantitative
outcome measures with greater objectivity are required to detect neurological changes following
stroke65, 66.
1.4.2 A Quantitative Outcome Measure for Stroke Clinical Trials
Robotic technologies can provide a novel and effective approach to clinical assessment of
neurological function following stroke. Robots have the ability to objectively quantify specific
aspects of behaviour repeatedly and detect minor differences in movement between subjects64.
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Robotic technology offers a reliable tool with a continuous scale that has been shown to be
advantageous in assessing sensorimotor changes following stroke41. Using pre-existing
knowledge of neural circuits, behavioural tasks can be developed to assess cognitive, motor, and
sensory function following stroke62. Robots can be used to monitor behaviour to quickly assess
for specific deficits in task performance. They can also control limb movement and apply
discrete mechanical perturbations to the limb; in this way they can both measure and control
upper-limb function62. Robotics combined with virtual reality systems have the unique ability to
precisely monitor movement output quickly while activating visual and proprioceptive correction
mechanisms to better assess neurobehaviour62.
The Kinesiological Instrument for Normal and Altered Reaching Movements (KINARM)
is a unique robotic system developed in 1999 and designed by Dr. Stephen Scott67, 68. The robot
was developed to assess the neurological basis of movement in the upper limb67, 68. The
exoskeleton version of this robotic device assesses flexion and extension movements of the
upper limb joints in the horizontal plane68. The exoskeleton is aligned with the subject’s joints to
parallel their motion62. Two torque motors are attached, such that loads can be applied to the
shoulder joint, elbow joint, or both67. The subject sits in the device with arms secured to arm
plates, adjusted to fit the user, that provide gravitational support, to remove effects of fatigue and
muscle weakness62, 67. In front of the subject is the workstation with a computer projection
system just above the arms that displays virtual targets on a screen in the horizontal plane68. This
virtual system enables the participant to seemingly interact with the targets to perform different
tasks under various static and dynamic loads68. As the tasks are performed, an attached operating
system records different parameters during task completion67. These parameters include hand
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position, hand acceleration, and net muscular torque. Hence, during multi-joint motor tasks, the
robot can both monitor and manipulate the mechanics of the shoulder and elbow joint67.

Figure 1.2: The KINARM Robotic Exoskeleton
Image depicts an illustration of the exoskeleton robot with a human subject seated in it with arms
in troughs that provide gravitational support. The exoskeleton attaches to the workspace so
subject can view virtual targets on a black screen in the horizontal plane to perform
neurobehavioural tasks. Adapted from Tyryshkin, et al (2014).
The KINARM was originally used in NHPs to measure shoulder and elbow joint position
and torque during a reaching task. This device also enables perturbation, a physical disturbance
during motion, to manipulate movement mechanics68. In the original study the NHPs were
trained to reach for a target while a mechanical load was applied at different regions along the
upper limb at varying time intervals68. The goal of this study was to use the KINARM to better
monitor and manipulate movement and thus, enhance the ability to interpret neural discharge
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during a visually guided reaching task68. This task along with others has since been used to
assess neurological function in numerous patient populations. In stroke patients the KINARM
has been validated as an effective tool to discriminate sensorimotor deficits41, 62, 64, 69-74. The
concurrent validity of this robotic device has recently been demonstrated through significant
correlations between movement parameters measured in the KINARM during a reaching task
and clinical assessments, including the FMA in chronic post-stroke subjects74. The kinesthesia
task, in which movement generated by the robot in one arm was mirror-matched by the subject
using their other arm, demonstrated that 61% of acute stroke patients had kinesthetic deficits
compared to normative data69. This suggests robotic technology can quantify deficits in body
motion sense following stroke69. A similar task demonstrated the KINARM could quantify
deficits in limb proprioception following stroke41. When subjects conducted a robotic objecthitting task, where they had to hit virtual targets descending on the screen, significant
asymmetries were found between limbs of stroke patients compared to controls72. This
demonstrates that the KINARM can be used to quantify changes in upper limb sensorimotor
function following stroke72. Moreover, the responses to a postural perturbation task indicated that
more stroke patients had postural instability, delayed motor responses, and endpoint errors
compared to healthy controls, demonstrating issues responding to mechanical disruptions
following stroke71. Endpoint errors indicate that the subject’s hand was away from the centre of
the target at the end of the trial71. To assess upper limb impairment following stroke, patients can
also complete a visually guided reaching task using the KINARM64. When five attributes of
motor control were quantified, namely upper limb postural control, reaction time, feed-forward
control, feedback control, and total movement metrics, the results demonstrated clear
asymmetries in limb performance when assessing individual stroke patients’ performance64. This
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group’s findings indicate 80% of left affected and 50% of right affected participants showed
impairment in at least 1 of the 5 movement attributes64. This study shows that robotics can be
used successfully as a tool to provide information about stroke patients’ sensorimotor
impairments. Multiple studies have also demonstrated inter-rater reliability in KINARM
behavioural tasks and correlation with standard clinical assessments41, 64, 70-74. The KINARM has
repeatedly been shown to effectively quantify sensorimotor changes following stroke. It is ideal
as an outcome measure for stroke clinical trials owing to its high repeatability, sensitivity,
objectivity and speed of measurements.

Figure 1.3: KINARM use in Human Stroke Patients - Demonstrating Interlimb
Asymmetry
Hand path traces from a human patient with right hemisphere stroke. Clear differences in
reaching trajectory between limbs are present and indicate greater difficulty performing the task
with their contralesional limb. Adapted from Coderre, et al (2010).
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1.5 Robotic Outcome Assessment in a NHP Model of Stroke
Robotic outcome measures represent a novel way to bridge the translation gap between
animal stroke models and human stroke patients. The KINARM was initially designed for use in
monkey models; however, it has never been used in a monkey model of stroke68. Thus, using the
KINARM exoskeleton to obtain precise quantitative measurements of sensorimotor changes in a
monkey following MCA stroke represents a new outcome measure that could be hugely
beneficial in future translational stroke studies.
1.5.1 Benefits of Robotics to Assess Neurobehaviour in NHP Stroke Models
Qualitative outcome measures with inherent subjectivity become even less effective when
employed in studies using animal models. Unlike studies with humans, researchers cannot
reliably communicate with animals to reasonably score them on qualitative measures. Hence,
quantitative measures to assess impairment in animal models are essential. Previous studies
assessing neurobehavioural deficits following stroke in NHP models have relied on outcome
measures that are based on observed behaviour26-28, 39. These are similar to measures used in
human stroke clinical trials and suffer from the same inherent weaknesses, particularly that they
are hierarchal and/or categorical scales based on observed behaviour21, 39. Accordingly, these
measures are subjective in nature and merely demonstrate whether a task was completed without
elucidating specific aspects of movement that are impaired. Not only do these outcome measures
depend on non-specific tasks and have poor sensitivity, they also tend to focus on acute
behavioural measures26, 28, 39. Characterizing the precise aspects of sensorimotor ability that are
diminished following stroke is imperative to develop novel rehabilitative strategies. Previous
studies demonstrate the successful use of the KINARM exoskeleton in characterizing specific
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aspects of sensorimotor ability using unassisted reaching tasks in NHPs75-78. Furthermore, robots
extract a great deal of information from recording measurements of a single movement62.
Robotics can both characterize deficits in motor performance and quantify exactly which aspects
of this behaviour are atypical using a continuous scale62. From there, researchers can correlate
these sensorimotor changes to the injury. The development of a reliable, sensitive functional
outcome measure that can quantify sensorimotor changes following stroke in a NHP model will
be invaluable in the improvement of pre-clinical assessment of neuroprotective strategies.
1.5.2 Translational Relevance of Robotic Outcome Measures in NHP Stroke Models
Clinical trials that assess the efficacy of various neuroprotectants for stroke in humans
have failed to demonstrate improvement after stroke79. However, it is particularly concerning
that these same neuroprotectants show success in experimental stroke studies using animal
models79. Studies evaluating the success of the novel neuroprotectant NA-1 have been credited
with use of NHPs as a model to bridge the translational gap between pre-clinical studies and
clinical trials21, 28, 37, 79. However, the outcome measures that are currently employed in NHP
stroke studies show room for improvement. Quantifying specific sensorimotor changes after
stroke using robotics, such as the KINARM exoskeleton, can identify behavioural components
associated with performance deficits in neurobehavioural tasks62. This will hopefully elucidate
neural pathways that can then be explored to develop better ways to treat and rehabilitate humans
following stroke. In finding novel neuroprotectants for stroke it is critical to characterize specific
neurologic impairments. Using more specific neurobehavioural measures will be important in
finding novel cell biological targets to develop stroke therapies62.
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Quantitative outcome measures will increase our ability to detect the potential effects of
neuroprotectants and regenerative interventions in the treatment of stroke. Introducing objective
measures to NHP stroke models will increase the functional predictive value of experimental
pre-clinical stroke research. Combining a NHP stroke model with robotic outcome measures
should result in an effective approach to standardize the outcome assessment of pre-clinical trials
and hopefully improve the translational success of new stroke therapies in human clinical trials.
By enabling the use of conserved behavioural outcome measures, the KINARM robot will help
facilitate translation of stroke therapies between humans and NHPs.
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Chapter 2 – Research Purpose and Hypothesis
The difficulty in translating novel neuroprotectants from animal models to successful
humans trials in the treatment of stroke has made researchers question the efficacy of
pharmacological interventions in stroke therapy28. There have been over 1000 experimental
treatments for stroke that showed success pre-clinically only to fail in subsequent clinical trials in
humans28. This may be due to anatomical and behavioural differences between the animal
models used pre-clinically and humans. Another issue is that discordant outcome measures have
been used in experimental studies and clinical trials21, 24. However, stroke continues to be an
extremely prevalent disorder worldwide with an immense socioeconomic burden. Exacberating
this is the fact that there is currently no treatment for stroke that can consistently be used to
provide relief of symptoms and behavioural deficits following stroke. Research must work
towards finding new stroke treatments and importantly new ways to assess the viability of these
treatments pre-clinically.
Recent research suggests that NHPs with chronic MCAO can act as an effective
translational stroke model, and evidence in humans demonstrates that the KINARM robot can
accurately and reliably quantify sensorimotor changes following stroke26-28, 39, 41, 64, 70-73. Thus,
the goal of this research project is to evaluate robotic outcome measures using the KINARM
robotic exoskeleton in NHPs for a new, translational model of MCA stroke. Traditional outcome
measures struggle to discriminate subtle but clinically relevant changes following stroke, fail to
identify underlying neurologic deficits, and rely on course, categorical rating scales41, 64. More
precise functional outcome measures in stroke research will likely improve pre-clinical
assessments of neuroprotectant strategies39. Robots, such as the KINARM, will provide such a
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quantititative outcome measure. The KINARM enables precise measurements of sensorimotor
changes following stroke by evaluating performance deficts while subjects complete
neurobehavioural tasks64, 68. The KINARM robot combined with an animal model that more
closely resembles humans in terms of anatomy, physiology, and behaviour should prove to be an
effective pre-clinical model for stroke.

Hypothesis: The use of robotic technology to evaluate performance in a visually guided reaching
task will allow quantification of sensorimotor behaviour in NHPs, so that differences in four
movement metrics can be assessed in NHPs with and without MCAO.
Movement Metric 1 – Reaction Time:
We expect that NHPs with MCAO will demonstrate longer reaction time (RT) than controls,
particularly in their paretic limbs, as this would mean it took more time for the animal to respond
to the visual stimulus in the form of the virtual target they had to reach to.
Movement Metric 2 – Initial Direction Error:
We predict detectable differences in initial direction error (IDE); specifically NHPs with MCA
stroke will have greater IDE than controls with their paretic limb, since this would indicate
greater divergence from the most direct hand path trajectory to reach the target.
Movement Metric 3 – Movement Time:
We predict detectable differences in movement time (MT), such that NHPs with MCA stroke
will have longer MT than controls, especially with their paretic limb, since a longer MT
represents more time for the monkey to successfully complete the reaching movement necessary
to accomplish the task.
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Movement Metric 4 – Number of Speed Maxima:
We predict there will be more speed maxima for experimental animals in their affected limbs
when compared to controls, as more maxima indicate more corrective movements while reaching
from centre to peripheral targets during the visually guided reaching task.

No attempts have yet been made to combine robotic, quantitative outcome measures with
a NHP stroke model. Hence, this represents a novel, pre-clinical model for stroke research.
Ideally, through the use of quantitative outcome measures that can be conserved in humans this
model will have translational relevance in future stroke therapies. This model could be utilized to
assess sensorimotor changes following administration of novel neuroprotectants or applied to
evaluate the effectiveness of rehabilitative therapies. Importantly, the neurobehavioural tasks
performed by the NHPs can also be used in humans; thus, the outcome measures would be
conserved between pre-clinical and clinical trials using this model. Long-term behavioral
analysis in a controlled environment is also plausible with this model. In this way, longitudinal,
sensorimotor changes following stroke could be measured. The use of robotic technology will
also reduce subjectivity and increase the discriminative ability and sensitivity in measurements
of sensorimotor outcomes following MCA stroke. An effective pre-clinical model for stroke
research would improve the outlook for future translational studies, which could lead to novel
treatments that improve stroke patient’s sensorimotor outcomes following stroke.
The robotic outcome measures implemented in this NHP stroke model can similarly be
applied in studies with humans; this could have important repercussion in the translation of
stroke therapies from pre-clinical experiments to human trials.
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Chapter 3 – Materials and Methods
3.1 Non-Human Primate Subjects
3.1.1 Animals
Data were collected from four cynomolgus macaque (Macaca fascicularis) monkeys.
These were all male, captive-bred animals that were ten years old and ranged in weight from 4 to
9 kg. Two of these NHPs underwent MCAO, while the other two were used as healthy, age and
sex matched controls. All experimental protocols were approved by the Queen’s University
Animal Care Committee and abided by the Canadian Council on Animal Care Guidelines
(Animal Care Protocol #2013-059-01). One year and four months following the MCAO
procedure in experimental NHPs both control and experimental NHPs were trained to perform a
bimanual, unassisted, visually guided reaching task. Operant conditioning and positive
reinforcement were employed to train them, such that liquid rewards were administered for
successful completion of the task. Their fluid intake was controlled during training and
experimental sessions. Monkeys were housed in large, environmentally controlled enclosures
with unrestricted access to monkey chow (Purina, Mississauga, ON), strictly enforced light/dark
cycle (12 hour cycles), and mixed dietary enrichment consisting of dried fruit, nuts, fresh fruits
and vegetables. Environmental enrichments consisted of audio-visual media during light hours,
primate specific toys, and foraging activities. Experimenters, animal care staff, and university
veterinarians closely monitored the monkeys’ fluid intake, weight, and health.
3.1.2 Stroke Model
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Two of the four macaques were given acute right MCA stroke with a surgical MCAO
method. To induce stroke, a trained neurosurgeon first performed a right, pterional craniotomy
over the frontotemporal region and opened the Sylvian fissure to reveal the MCA28. A 5 mm,
titanium aneurysm clip was placed on the first division of the MCA (M1) proximal to the
orbitofrontal branch and origin of the lenticulostriate arteries to produce stroke with a preserved
ischemic penumbra28. The artery was occluded for 90 minutes before the clip was removed and
blood flow was restored. Before the surgery, animals were anaesthetized (isoflurane 1.0-2.5%),
intubated, and ventilated28. A femoral arterial line was used to monitor BP and blood gases. BP
via a leg cuff, end-tidal CO2, O2 saturation, temperature with a rectal probe, and
electrocardiogram (ECG) were monitored during the procedure28. Temperature was maintained
at 37+/-0.5°C with a heating blanket. Surgical methods have previously been described
elsewhere28. Monkeys received antibiotics and analgesic medication following surgery to
facilitate recovery.

3.2 Experimental Set-up and Task
3.2.1 Experimental Set-up
The KINARM (BKIN Technologies Ltd, Kingston, ON, Canada) is a bilateral robotic
exoskeleton that was used to quantify movement in the elbow and shoulder joints of the NHPs as
they completed a visually guided reaching task. This robotic device enables planar movement of
the arm, specifically flexion and extension of the elbow and shoulder joint in the horizontal
plane. Torque motors record patterns of joint movement and muscular torques are computed by
the system. Loads can be applied to each joint independently using this device. The NHPs were
seated in an “arms-free” restraint chair that enables modular shielding, such that one or both
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arms are capable of moving with near complete range of motion (Figure 3.1). The KINARM
robot was attached to either side of this chair. With the animals in the chair, their upper limbs
were secured, using VELCRO® straps, in the KINARM exoskeleton. This consisted of plastic
arm troughs that permitted free range of motion in the horizontal plane and provided full
gravitational support. Other than gravitational support, the robot provided no other assistance in
completing the task64. The machine was calibrated for each NHP’s specific dimensions
including: elbow angle, upper arm length, and forearm length. To perform the task the robotic
device was fastened to the workstation. The NHPs viewed a screen in the horizontal plane just
above arm level. On the screen virtual targets are projected that the NHPs can effectively
interact with, creating a virtual reality task. Hands and arms were occluded from view of the
NHPs; instead computerized representations provided hand position feedback64. Subjects saw
virtual white circles (0.4cm diameter) aligned with the position of their index fingertip on the
screen. The circle’s movement on the screen illustrated the monkey’s index fingertip movement
in real time, enabling NHPs to complete the unassisted reaching task. A schematic of the
experimental set-up is illustrated in Figure 3.2.
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Figure 3.1: Arms-free Restraint Chair
During the reaching task NHPs are seated in the arms-free restraint chair pictured here. The
plexi-glass encasement can be removed to reveal one or both limbs. The KINARM robotic
exoskeleton attached onto either side of the chair, then the chair was wheeled to the workspace.

3.2.2 Experimental Task
A KINARM robot monitors upper limb movement during the unassisted reaching task.
The goal of this task is to move quickly and accurately from a centrally located target to one of
eight peripheral targets arranged uniformly around the circumference of circle. A schematic
representation of the targets can be seen in Figure 3.3; reaching movements required a differing
amount of elbow and shoulder joint motion to successfully reach the target. The centre target was
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4cm away from the peripheral targets. Both central and peripheral targets had a visual and logical
radius. The logical radius is invisible and extends beyond the radius of the visual target (centre
and peripheral target radius between 1 – 1.5cm), while the visual radius designates the size of the
target that the animals can see (centre target radius between 0.7 – 0.8cm; peripheral target radius
between 0.7 – 1.0cm). The logical radius indicates the size of the target that the NHP’s hand
must breach in order for the reach to be considered a success and for the reward to be
administered. All eight peripheral targets were always the same radius during an exam. Centre
target radii were consistently smaller than peripheral targets. Peripheral and centre target sizes
were both manipulated between exams, depending on the NHP’s ability to perform the task.
Accordingly, control animals had smaller targets than experimental animals and NHPs with
MCAO had smaller targets with their non-paretic limb compared to their paretic one.
The task begins when the centre target illuminates in red on the workspace. The NHP
must hold their index fingertip inside this target for 50-800ms. After that, one of the eight
peripheral targets illuminates in red, cueing the subject to reach to that peripheral target and hold
for 100-1000ms. The animals have between 3000-5000ms to complete each trial (one reach).
The targets turn green in colour when the NHP’s index fingertip successfully breaches the target;
this colour change signals to the animal that their movement was correct and at this point they
receive liquid reward. This task has a random block design, such that in one block each of the
eight peripheral targets illuminate once in a random order. There were five blocks in each set for
a total of 40 trials in control animals. Animals with stroke typically performed five blocks in a
session, but occasionally if the primate’s focus was inhibiting their ability to complete the task
then three block sets were completed for a total of 24 or 40 trials per exam.
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Figure 3.2: Schematic of Experimental Set-Up and Visually Guided Reaching Task
Illustration of a NHP seated in the KINARM robotic exoskeleton demonstrating the experimental
set-up, depicted as if looking down on the set-up. NHPs observed a screen that virtual targets
were presented on to perform the task.

Figure 3.3: Schematic of Labeled Targets Used in the Reaching Task
Reaching movements were made from the central target (red) to one of eight peripheral targets
(black). The task was conduced with either the right or left limb.
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NHPs received a minimum of 40 days of training in the visually guided reaching task.
Their performances from the last 10 days of training were used for data analysis. Hand path
graphs and observation during training indicated that these days represented the peak reaching
performance for the animals. Task parameters including target size, central and peripheral target
hold time, and total time for trials were varied depending on the NHPs reaching ability on that
particular day. Parameters for animals with stroke were divergent between limbs, such that
paretic limbs required easier task parameters. Timeout time was maintained at 4000ms across all
trials and animals; this is the time the animal has to achieve hold time at the centre target before
the trial automatically aborts. The analyzed training days took place approximately 1.5 years
after MCAO was incurred in the experimental monkeys.

3.3 Data Analysis
All statistical analyses were performed using MATLAB (Mathworks Inc., Massachusetts,
USA). Data acquisition software saves data pertaining to motor joint angles, velocities, and
accelerations during the reaching task, which can then be used to calculate elbow and shoulder
joint angles, velocities, and accelerations64. A 6th order, double pass Butterworth filter with 10
Hz cutoff filtered motor joint signals. Data acquisition software pre-filtered hand trajectories (x
and y positions) while hand speed was calculated using arm segment lengths obtained from the
KINARM calibration and computed shoulder and elbow velocities64.
3.3.1 Analysis of Successful Trials
One trial is defined as one reach from the centre to peripheral target. To successfully
complete a trial the primates had to achieve pre-defined hold time parameters at both targets.
Unsuccessful trials were mainly due to three reasons. First, the NHP failed to hold their index
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fingertip long enough in the centre target to initiate peripheral target illumination. Secondly, they
did not achieve sufficient hold time in the peripheral target. Lastly, there was no movement
offset, such that they never stopped moving to hold their fingertips stationary in the peripheral
target. These incidences were considered bad trials. To discern how successful the animals were
we calculated the percentage of successful trials across the 10 days analyzed. Analysis of
movement attributes rested on the assumption that task parameters were achieved. Accordingly,
only successful trials were used to measure sensorimotor parameters.
3.3.2 Analysis of Reaching Performance
To assess performance during the task, various movement parameters were assessed.
These parameters were selected to evaluate specific attributes of sensorimotor control.
Parameters emphasized either spatial or temporal dimensions to characterize task performance.
The mean value across all trials and targets was used to characterize the movement parameters.
The mean was utilized as a result of the large data set, normal distribution, and fairly small range
in values across trials and targets.
Identification of movement onset and offset for each trial was required to calculate these
sensorimotor attributes. Movement onset was complex to define as a result of the immense
variation in NHP’s movement during the task. A crucial caveat was that reaction time could not
be less than 125ms, which represents the maximum time the NHP could physiologically achieve
to respond to the presentation of a visual stimulus. Trials with reaction time less than the 125ms
cut-off at movement onset were considered false starts and discarded from analysis. Thus,
multiple methods were developed to calculate movement onset to ensure all attempts to find one
that was physiologically possible was detected. The simplest method was employed as a first
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measure, but if that proved ineffective based on the animal’s singular movement than two
alternative methods were developed and the most fitting one was selected. The first method
employed involved finding the first time the NHP’s hand speed exceeded the speed threshold,
defined as 5% of the maximum hand speed achieved. If reaction time at that point was greater
than 125ms then the interval between the maximum speed achieved and first point where speed
decelerated below 5% of the peak velocity after peripheral target illumination was analyzed. The
first time when hand speed exceeded the speed threshold in this interval was then defined as
movement onset. If this failed then the last time the hand feedback position dot boundary was
touching in the logical radius of the centre target was used to identify movement onset. This was
defined as the time when the Euclidean distance between the logical target centre and hand
position feedback circle centre was the length of their combined radiuses. Movement offset was
easier to discern and was defined as the first time hand speed was less than the speed threshold,
again defined as 5% of peak velocity, in the interval between the “in peripheral target” and “trial
good” event flags. Alternatively, if no clear deceleration was detected the time when the hand
position feedback dot touched the goal target was used as movement offset.
3.3.2.1 Temporospatial Analysis of Reaching Performance
We analyzed both spatial and temporal aspects of movement by particularly quantifying
sensorimotor attributes. In this way we could assess factors pertaining to timing of the movement
performance and evaluate the subject’s movement in space as they completed the task. In
particular, we analyzed: RT, IDE, MT, and number of speed peaks. These parameters were
quantified for every trial. Control and experimental animals’ reaching performance and interlimb
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differences in movement were compared through qualitative assessment of mean performance
over the 10-day analysis period.
•

Reaction time (s) describes the time it takes for the subject to initiate limb
movement after the peripheral target is illuminated64

•

Initial direction error (deg.) is defined as the angular deviation, measured in
degrees, between a straight line from the centre to peripheral target and a vector
showing hand position at movement onset to hand position after the first hand
speed minimum as the subject reaches from the centre to peripheral target64.

•

Movement time (s) is a measure of the time elapsed from movement onset to
offset64.

•

Number of speed peaks is the number of hand speed maxima that occur between
movement onset and offset64.

Figure 3.4: Schematic of Initial Direction Error
A schematic illustrating the spatial movement parameter IDE, this is calculated from the hand
position signal. The vector that demonstrates initial movement is represented as the dashed line
starting from Movement onset (MTonset) and ending at first hand speed minimum. The most
direct path from centre to peripheral target is illustrated in red. Movement offset (MToffset) at
the peripheral target is also indicated. Adapted from Coderre, et al (2010).
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Figure 3.5: Schematic of Speed-Based Movement Parameters Analyzed
A schematic illustrating the speed-based movement parameters analyzed; these are derived from
a hand speed signal. Movement onset and offset are also shown visually on the velocity versus
time graph, indicated by MTonset and MToffset respectively. Numbers in red indicate the
number of speed peaks. Initial movement phase from Movement onset to the First Speed
Minimum is also depicted. Adapted from Coderre, et al (2010).
PTon = Peripheral target light on.
3.3.2.2 Temporospatial Analysis Based on Target
NHPs were required to conduct reaching movement to 8 targets with divergent
localization in space. Successful reaching movements required a slightly different amount of
elbow and shoulder joint movement based on which of the 8 targets illuminated. To evaluate
whether movement performance changed in relation to the goal target we assessed the average
performance in each movement parameter for each target over the 10-day analysis period.
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3.4 Qualitative Correlates of Robotic Outcome Measures
Behavioural and anatomical assessments were used to evaluate whether either correlated
with neurobehaviour measured with the KINARM robot during the reaching task in NHPs after
MCAO. The anatomical correlate used were Magnetic Resonance Imaging (MRI) images that
demonstrate the extent of the lesion following MCAO and the behavioural correlate were scores
from the NHPSS.
3.4.1 Behavioural Correlate
The NHPSS has previously been validated as a method to assess neurobehavioural
outcomes in NHPs following stroke26, 28, 39. NHPSS is a composite scale made up of hierarchal
ratings in various categories pertaining to sensorimotor function. Specifically, the categories
evaluated include: state of consciousness, defense reaction, grasp reflex, extremity movement,
gait, circling, bradykinesia, balance, neglect, visual field cut/hemianopia, and facial weakness28,
39

. A composite score is obtained from measures in each category such that a higher score

(maximum score of 41) denotes greater severity of bilateral neurologic impairment28. NHPSS
assessments took place 30 days after MCAO in our experimental NHPs28. These scores can be
compared to sensorimotor deficits identified with the robotic outcome measures.
3.4.2 Anatomical Correlate
MRI was used to obtain a baseline assessment of stroke anatomy. Sensorimotor deficits
in the reaching task could be correlated to structural abnormalities seen in the MRI images. Prior
to the scan NHPs were intubated, ventilated, and imaged in prone position with constant
physiological monitoring. Images were acquired 30 days following MCAO procedure. Animals
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were imaged with a 7T Bruker BioSpec system running Paravision 4.0 software and using a BGA20S gradient coil28. T2-weighted, 2-D images in the axial plane were obtained using the
RARE method (fast-spin echo); imaging protocol has previously been described elsewhere28.
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Chapter 4 – Results
4.1 Subjects
Data was collected from four age-matched, male cynomolgus macaque monkeys. Two
were healthy control animals, and two underwent right-sided MCAO. Training in the unassisted,
visually guided reaching task commenced one year and four months after the MCAO procedures.
Table 4.1 portrays data regarding the final parameters achieved by each of the NHPs and
percentage of trials that were successfully accomplished.
Table 4.1: Final Reaching Task Parameters for Right and Left Limbs of all NHP Subjects
NHP Subjects
Limb

RA-1
Right

Left

RA-2
Right

Left

C-1
Right

C-2
Left

Right

Left

Task Parameters
Total Time for
3000
4000
5000
3000
3000
Trials (ms)
Centre Target
500
300
600
400
500
500
Hold Time (ms)
Centre Target
1/0.8
1.3/0.8
1/0.8
1.2/0.8
1/0.8
1/0.7
Size (Logical
Radius/Visual
Radius; cm)
Peripheral
1
1.3/0.9
1
1.2/1
1/0.75
1/0.7
Target Size
(Logical
Radius/Visual
Radius; cm)
Peripheral
1000
450
1000
600
1000
1000
Target Hold
Time (ms)
% Correct
58.53
42.42
44.97
20.49
46.33
47.82
73.03
81.16
Trials
RA-1 = Right Affected MCAO Subject 1; RA-2 = Right Affected MCAO Subject 2; C-1 =
Control Subject 1; C-2 = Control Subject 2
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4.2 Interlimb Differences
It is clear from the hand path graphs shown in Figure 4.1C, D that there are asymmetries
in path trajectory between right and left limbs of monkeys with MCAO. These asymmetries were
less pronounced in the control primates (Figure 4.1A, B). However, the left limb in controls
tended to show more variability between trials than the right limb with slightly less discernable
bell shaped velocity profiles (Figure 4.2A, B). This trend was amplified in stroke subjects, such
that velocity profiles for the left limb showed multiple peaks with far less discernable bellshaped profiles (Figure 4.3C, D). Figure 4.1 shows a comparison of hand path graphs from a
representative day at final parameters for each NHP. It clearly outlines the substantial
asymmetries between right and left limbs of the NHPs with MCAO (Figure 4.1C, D). To further
analyze neurobehaviour in the reaching task we individually assessed the specific sensorimotor
attributes of each subject’s task performance over the 10 days quantified.
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Figure 4.1: Interlimb Comparison Hand Path Graphs for NHPs from a Representative
Day at Final Parameters
RA-1 = Right Affected MCAO Subject 1; RA-2 = Right Affected MCAO Subject 2; C-1 =
Control Subject 1; C-2 = Control Subject 2
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4.3 Robotic Assessment
Hand path graphs that display reach trajectory qualitatively depict variation in movement
between the NHPs. From these hand paths we observe that control animals showed less variation
in hand path trajectories and more direct reaching patterns during task performance compared to
monkeys with MCAO. Figures 4.2 and 4.3 show representative hand path graphs for each NHP,
with corresponding velocity profiles for each peripheral target. Controls showed relatively
straight and direct reaching movements from the central to peripheral targets in both limbs
(Figure 4.2A, B; Figure 4.3A, B). Right limbs of animals with stroke similarly demonstrated
fairly straight movements with modest trial to trial variability (Figure 4.2C, D). This was in
contrast to left limbs of experimental animals that demonstrated much more chaotic reaching
behaviour that required substantial corrective movements to successfully reach to the peripheral
target (Figure 4.3C, D). Velocity versus time graphs similarly showed much less variation in
control animal reaching trials, as well as in in the right limb of monkeys with MCAO. They also
displayed the bell-shaped velocity profile expected during reaching movement in the horizontal
plane80. Overall, different targets were associated with slightly different trends. However, control
animals demonstrated more consistency in the peak velocity and conserved velocity curves
within limbs. In contrast, stroke subjects showed more variation in the peak speed achieved and
greater deviations from the bell shape curve in their left, contralesional limb.
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Figure 4.2: Representative Hand Path Graphs and Corresponding Velocity vs. Time
Graphs for Right Limb of NHPs from a Representative Day at Final Parameters
(A) C-1, (B) C-2, (C) RA-1, (D) RA-2
RA-1 = Right Affected MCAO Subject 1; RA-2 = Right Affected MCAO Subject 2; C-1 =
Control Subject 1; C-2 = Control Subject 2
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Figure 4.3: Representative Hand Path Graphs and Corresponding Velocity vs. Time
Graphs for Left Limb of NHPs from a Representative Day at Final Parameters
(A) C-1, (B) C-2, (C) RA-1, (D) RA-2
RA-1 = Right Affected MCAO Subject 1; RA-2 = Right Affected MCAO Subject 2; C-1 =
Control Subject 1; C-2 = Control Subject 2
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4.3.1 Reaction Time
Differences in RT are depicted in Figure 4.4; RT was longest in Right-Affected MCAO
Subject 1 (RA-1) with both limbs, and shortest in Control Subject 2 (C-2) with both limbs.
However, the difference in mean RT between all NHPs with their right limb was practically
indistinguishable. Similarly, RTs in the left limb were similar in all but one experimental animal
that displayed a markedly longer mean RT with their left limb (RA-1) when qualitatively
compared to the other animals. In this way one NHP with MCA stroke showed noticeably longer
RT in their left limb when compared to both controls and the other NHP with MCAO (Figure
4.4). With the exception of RA-1 there was little variation in mean RT across the 10 days,
suggesting consistent RT across days.
There were small interlimb differences in mean RT between limbs of control animals.
Similarly, Right-Affected MCAO Subject 2 (RA-2) showed limited limb asymmetry in mean
RT. The 10-day means hover around the unity line demonstrating consistent RT between limbs
in Control Subject 1 (C-1), C-2, and RA-2 (Figure 4.4). However, RA-1 did show distinct
interlimb differences in mean RT between limbs, such that the 10-day mean showed greater
deviation from the unity line, showing longer RT in the affected limb (Figure 4.4).
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Figure 4.4: Difference in Reaction Time (RT) between Right and Left Limbs of NHPs
RA-1 = Right Affected MCAO Subject 1; RA-2 = Right Affected MCAO Subject 2; C-1 =
Control Subject 1; C-2 = Control Subject 2; SEM = Standard Error of the Mean
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4.3.2 Initial Direction Error
The NHPs with MCA stroke showed greater IDE with their paretic limbs (Figure 4.5).
Once again, C-2 showed the smallest degree of dysfunction with the lowest 10-day mean IDE
with both right and left limbs. Unlike the RT parameter discussed above RA-2 showed the
greatest deficits, displaying the highest 10-day mean IDE in both limbs. Monkeys with MCA
stroke had greater 10-day mean IDE in their left limbs when compared to controls. In
comparison, 10-day mean IDE with the right limb showed more consistency between NHPs.
Further, there was greater variation in mean points over the 10 days analyzed in experimental
animals compared to controls (Figure 4.5).
All NHPs showed greater overall mean IDE in their left limbs compared to their right
limbs; however, the magnitude of this interlimb difference was divergent across monkeys.
Experimental animals showed much greater limb asymmetry than controls, such that they
demonstrated more deviation from the unity line (Figure 4.5). RA-2 demonstrated the greatest
degree of limb asymmetry in IDE. Controls showed limited interlimb differences with 10-day
means very close to the unity line signifying a more symmetrical performance between limbs
(Figure 4.5).
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Figure 4.5: Difference in Initial Direction Error (IDE) between Right and Left Limbs of
NHPs
RA-1 = Right Affected MCAO Subject 1; RA-2 = Right Affected MCAO Subject 2; C-1 =
Control Subject 1; C-2 = Control Subject 2; SEM = Standard Error of the Mean
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4.3.3 Movement Time
We observed longer 10-day mean MTs in animals with stroke when using their left limb
in comparison to controls with their left limb (Figure 4.6). Mean MT over the 10 days analyzed
showed a larger range in experimental animals compared to controls. MT in the right limbs
across all animals was not appreciably different between groups. Interestingly, when comparing
right limb performance C-1 actually showed the longest 10-day mean MT. C-2 showed the
shortest 10-day mean MT with both limbs and RA-2 showed the longest 10-day mean MT with
the left limb. Differences in mean MT between control and experimental animals were most
apparent in the contralesional limb.
There were clear asymmetries between right and left limbs of NHPs with MCAO. Both
experimental animals showed greater mean MT in their contralesional limb compared to their
ipsilesional limb, with RA-1 showing a slightly larger interlimb difference. In contrast, limb
asymmetries were much smaller in control monkeys; C-1 displayed particularly symmetrical
mean MT shown by the closeness of mean MT to the unity line (Figure 4.6). In all NHPs the left
limb showed longer 10-day mean MTs, but to a varying extent (Figure 4.6).
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Figure 4.6: Difference in Movement Time (MT) between Right and Left Limbs of NHPs
RA-1 = Right Affected MCAO Subject 1; RA-2 = Right Affected MCAO Subject 2; C-1 =
Control Subject 1; C-2 = Control Subject 2; SEM = Standard Error of the Mean
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4.3.4 Number of Speed Maxima
When comparing performance with left limbs the monkeys with MCA stroke had a
greater number of speed maxima compared to controls. Again, RA-2 had the greatest deficit with
the most peaks with both limbs, while C-2 showed the fewest number of peaks with both limbs.
RA-2 had more maxima with their paretic limb than non-paretic one, but actually had fewer
peaks than C-1 when comparing their right limbs. When assessing daily means over the 10 days
analyzed experimental NHPs demonstrated greater disparity in number of speed maxima
compared to controls. Overall, there was a trend indicating a greater number of speed maxima in
experimental NHPs when using their paretic limb as compared to control animals (Figure 4.7).
Experimental animals showed greater interlimb differences in the number of speed peaks
when compared to control monkeys. Control animals also showed interlimb distinctions, such
that C-1 had more maxima in their left limb, and C-2 showed more peaks with the right limb.
However, these differences were minute compared to the interlimb differences in primates with
stroke, as experimental animals demonstrated greater deviation from the unity line (Figure 4.7).
Both experimental animals displayed more maxima with their paretic limb, with RA-1 showing
greater limb asymmetry than RA-2. Overall, animals with stroke made more corrective
movements during the task, especially with their left limbs.
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Figure 4.7: Difference in Number of Speed Maxima between Right and Left Limbs of
NHPs
RA-1 = Right Affected MCAO Subject 1; RA-2 = Right Affected MCAO Subject 2; C-1 =
Control Subject 1; C-2 = Control Subject 2; SEM = Standard Error of the Mean
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4.4 Comparison of Successful Trials
In experimental NHPs there were more successful trials with their non-paretic (right)
limb, while controls showed more correct trials with their left limbs. Experimental animals
demonstrated greater limb asymmetries when comparing the percentage of successful trials
between limbs. Control animals showed smaller interlimb differences, signifying a more
symmetrical performance between limbs than that seen in experimental NHPs.

4.5 Comparison in Reaching Performance to Different Targets
We consistently observed a smaller range in mean sensorimotor attribute performance
between targets in controls when compared to experimental animals. Controls reliably
demonstrated target means that were closer to the unity line, indicating more symmetrical
performance between limbs across all targets. NHPs with MCAO demonstrated deficits in all
sensorimotor attributes in the same targets when using their paretic limbs. Figure 4.8-4.11
demonstrates each NHP’s performance in the movement parameters according to the goal target.
RA-2 demonstrated the greatest IDE when reaching to Target 6, and longest MT and number of
speed maxima when reaching to Target 7 with their paretic limb (Figure 4.9-4.11). Hence,
reaching to targets in the bottom right quadrant of the task appeared to be more difficult for RA2 (Figure 4.9-4.11). In contrast, reaches to Target 1 and 2 showed shortest MT and lowest IDE
and fewer speed maxima in RA-2, signifying reaches to targets in the top left quadrant were
easier when using the paretic limb (Figure 4.9-4.11). Figure 3.3 shows targets labeled by
number. Similarly, RA-1 demonstrated consistency in which targets were easier and hardest to
reach to; however, these targets were different than the ones reported for RA-2. RA-1 displayed
the worst performance across movement parameters when reaching to targets in the upper left
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quadrant (Targets 2 and 3) and improved performance reaching to targets in the bottom left
quadrant (Target 8) with their paretic limb (Figure 4.9-4.11). Across all animals a better
performance to certain targets with one limb, did not guarantee a better performance to the same
targets with the other limb. This was seen in all the parameters assessed; thus, limbs were unique
in which goal targets led to improved reaching behaviour.
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Figure 4.8: Mean Reaction Time (RT) to Each Target from 10 Days Analyzed
RA-1 = Right Affected MCAO Subject 1; RA-2 = Right Affected MCAO Subject 2; C-1 =
Control Subject 1; C-2 = Control Subject 2; SEM = Standard Error of the Mean
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Figure 4.9: Mean Initial Direction Error (IDE) to Each Target from 10 Days Analyzed
RA-1 = Right Affected MCAO Subject 1; RA-2 = Right Affected MCAO Subject 2; C-1 =
Control Subject 1; C-2 = Control Subject 2; SEM = Standard Error of the Mean
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Figure 4.10: Mean Movement Time (MT) to Each Target from 10 Days Analyzed
RA-1 = Right Affected MCAO Subject 1; RA-2 = Right Affected MCAO Subject 2; C-1 =
Control Subject 1; C-2 = Control Subject 2; SEM = Standard Error of the Mean
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Figure 4.11: Mean Number of Speed Maxima (NSM) to Each Target from 10 Days
Analyzed
RA-1 = Right Affected MCAO Subject 1; RA-2 = Right Affected MCAO Subject 2; C-1 =
Control Subject 1; C-2 = Control Subject 2; SEM = Standard Error of the Mean
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4.6 Robotic Outcomes Compared to Anatomical and Behavioural Correlates
We compared robotic outcomes to both anatomical and behavioural correlates to assess if
quantitative analyses computed by the robotic exoskeleton were in agreement with other
anatomical and behavioural exams, namely lesion location on MRI and NHPSS.
4.6.1 Behavioural Correlates
From the NHPSS the experimental NHPs appeared to have a mild degree of
neurobehavioural deficits. RA-1 had a score of 3 out of 41 and RA-2 had a score of 11 out of 41
30 days after MCAO. Clearly, RA-2 showed greater neurobehavioural deficits according to this
measure. However, neither NHP demonstrated scores that would suggest significant neurological
impairment after MCAO.
4.6.2 Anatomical Correlates
MRI images indicate that one experimental animal showed stroke anatomy that remained
fairly localized to the right frontal lobe (RA-1), whereas the other showed a lesion that extended
from the right frontal lobe into superior parietal lobe areas indicated with the white arrow (RA-2)
(Figure 4.12).
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A.

B.

C.

D.

Figure 4.12: MRI Images of NHPs with MCAO
Images were obtained 30 days following MCAO. (A) and (B) depicts two brain slice images
from RA-1; (A) is superior to (B). (C) and (D) depicts two brain slice images from RA-2; (C) is
superior to (D). White arrow indicates right parietal lobe lesion.
RA-1 = Right Affected MCAO Subject 1; RA-2 = Right Affected MCAO Subject 2
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Chapter 5 - Discussion
The goal of this project was to determine if the KINARM could be a reliable method to
quantify sensorimotor outcomes following MCA stroke. We conducted behavioural analysis of a
visually guided reaching task. The KINARM robotic exoskeleton has previously been shown to
successfully quantify neurobehavioural effects following stroke in humans, and cynomolgus
macaques have already shown promise as a translational stroke model28, 64. Further, the
KINARM enabled individualized analysis of sensorimotor ability following MCA stroke. Stroke
research has long been challenged by the immense difficulty researchers have had translating
pre-clinical findings into successful clinical trials. Hence, incorporating robotic, behavioural
outcome measures in a NHP pre-clinical stroke model could have important implications in
developing novel therapies to treat stroke.

5.1 Choice of NHP Species
The cynomolgus macaque species was selected for this research because their vascular
anatomy closely resembles humans and they have gyrencephalic brains21, 28. These NHPs are
also docile and easily trained, which facilitates the use of robotic outcome measures to assess
sensorimotor deficits following stroke27. Importantly, permanent and transient MCAO and
endovascular methods have previously been shown to be feasible in cynomolgus macaques25, 27,
28, 81

. This technique has similarly been demonstrated in rhesus macaques (Macaca mulatta).

However, despite being gyrencephalic with cortical and subcortical anatomy similar to humans,
rhesus macaques show greater collaterization of blood flow than humans, which makes them less
useful for translational studies28, 82, 83.
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5.2 Analysis of Sensorimotor Changes after MCA Stroke in NHPs
There were a number of similarities between hand path graphs obtained from the NHPs in
this study and previous research in human stroke patients that also involved completion of a
visually guided reaching task in the KINARM robot64. In both control NHPs and healthy human
subjects there was increased symmetry between limbs and reduced variability in path trajectory
with fewer corrective movements and fairly straight paths from central to peripheral targets in
comparison to subjects with stroke64. In contrast, experimental NHPs and human patients with
right hemisphere stroke both demonstrated remarkable asymmetry between limbs, such that the
affected limb demonstrated more corrective movements and increased variation in reaching
behaviour, which indicates greater difficulty completing the task64. Reaching behaviour in nonparetic limbs of both humans and NHPs showed greater consistency and smoothness similar to
that seen in control participants64. Importantly, the fact that the unaffected limb of monkeys with
stroke was more similar to control animal’s hand paths indicates that these monkeys were
motivated to perform the task and that they could understood and complete the task in order to
obtain the reward. Thus, it seems likely that differences in reaching performance between right
and left limb of NHPs with stroke are due to sensorimotor changes that followed the MCAO
procedure. Moreover, the increased difference in the percent of correct trials between limbs in
experimental NHPs indicates that experimental primates had greater difficulty performing the
task with their paretic limb compared to control animals. This occurred despite experimental
NHPs using more achievable task settings with their paretic limb to facilitate successful reaching
during the task.
Previous research documented systematic deviations from the ideal reach trajectory in
paretic limbs of human stroke patients when compared to performance in the synonymous limb
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in healthy controls during an unassisted reaching task84. We found similar results in the NHPs;
however, the deviations were less predictable and consistent. In addition, human control subjects
in this previous research demonstrated consistent bell-shaped velocity profiles in both limbs with
smoothly curved paths, which are similar to our findings in control NHPs84. Importantly, we did
see a degree of asymmetry between limbs of control subjects, such that they showed fewer
deviations from the bell shaped velocity profile with their right limb84. This may be due to hand
dominance; however, it is unclear whether NHPs have a dominant limb. An alternative
explanation for this finding could be practice effects, seeing as both controls ultimately had more
trials with their right than their left limb85. Therefore, these findings should be confirmed by
determining if cynomolgus macaques have a dominant limb and after performing equal amounts
of training with both limbs.
The distinct spatial abnormalities seen in paretic limbs of human stroke subjects while
completing a reaching task have been linked to brain injury that results in the deterioration of
internal representation of limb dynamics84. Specifically, impaired initial movement mechanisms
that influence passive interaction torque (INT) in multi-joint movements may be linked to spatial
abnormalities in reaching behaviour84. These passive disturbances are unavoidable during
movement using adjacent joints86, 87. Usually, the central nervous system is able to predictably
compensate for the INT to produce coordinated multi-joint movement86, 87. However, past
research that studied patients with brain damage that affected proprioception found that these
individuals have poorly controlled INT that can cause kinematic deficits86, 87. These deficits
would explain the difficulty stroke patients have with efficiently planning organized, coordinated
multi-joint movements64, 84, 88, 89. This impaired ability to produce multi-joint movements that
function as one coordinated unit results in discrete motor patterns commonly seen in human
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stroke participants during reaching tasks80, 88, 91. We saw these segmental movements in the
affected limb of experimental NHPs. Impaired INT has been implicated in the compensatory
movements commonly seen in reaching behaviour after stroke, such as increased acceleration of
the proximal arm segment to compensate for reduced functionality of distal segments92, 93.
Past research suggests the redistribution of work across upper limbs produces abnormal
coupling between the shoulder and elbow joint during reaching behaviour after stroke93.
However, current research debates whether increased or decreased shoulder movement relative
to the elbow joint is indicative of greater sensorimotor impairment92-94. In our research hand path
graph assessments and kinematic analyses show that our experimental animals demonstrate
inconsistent impairments, such that both showed deficits in reaching but exhibited different
motor patterns. Direct observations of the animal’s reaching behaviour suggest that RA-2
showed increased motion at the elbow joint, while RA-1 demonstrated more movement at the
shoulder joint. In our research the NHP with increased elbow motion (RA-2) had a greater level
of impairment in sensorimotor parameters assessed. Moreover, the experimental NHPs were
unique in which goal target produced the greatest movement impairment as determined by the
sensorimotor attributes. These differences may have been the result of different joint mechanics
in the experimental animals. Separate target analysis suggest RA-1 struggled with reaching to
targets in the upper left quadrant, whereas RA-2 had greater difficulty reaching to targets in the
bottom right quadrant. These observations are in line with research that suggests increased
shoulder motion as a strategy to compensate for sensorimotor deficiencies after stroke may
indicate less severe imapaiment92, 94. Future studies with more animals will be necessary to
further elucidate precise joint mechanics and how they may correlate with degree of
sensorimotor impairment.
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Stroke in the right hemisphere has commonly been associated with impaired corrective
responses affecting on-line response modification, while stroke in the left hemisphere has been
linked with impaired movement initiation mechanisms that influence advance planning95. All of
the NHPs used in this research had right MCA stroke. However, our results demonstrate both
impaired corrective and initial movement mechanisms. We found substantial error in initial
movement, as measured by initial movement direction error, in the paretic limb of stroke
subjects, which indicates impaired movement planning. We also found a greater number of speed
maxima in the experimental NHPs when using their paretic limb compared to controls,
signifying increased corrective movements and impaired corrective movement processes. RTs
are commonly used to assess for issues in advanced planning of movements95. However, we saw
inconsistencies when we analyzed RT, such that one NHP with MCAO showed RT deficits in
their paretic limb (RA-1), but the other did not show a drastic difference in RT compared to
controls in either limb (RA-2; Figure 4.4). This is an interesting finding since it has been debated
whether there is lateralization in movement control95, 96. In the current study we found evidence
for both impaired corrective and initial movement mechanisms in NHPs with right MCA stroke,
which would indicate no significant lateralization. Future studies should assess if these results
are consistent in more NHPs with MCAO.
One explanation for having deficits in both movement initiation and correction during
reaching behaviour could be the result of damage in the superior parietal lobe95, 97. Damage in
this area is linked to visuospatial issues that are more common after right hemispheric stroke95, 97.
Issues with contralesional proprioception, target location perception, and sensory motor
transformation that we observed in our models have been associated with damage in this area95,
98

. The superior parietal lobe is thought to control target location perception and visuomotor
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transformations as part of the dorsal stream of the striate cortex95, 99-101. The dorsal stream that
connects the striate cortex to parietal areas is perceived to be responsible for identifying the
visual location of targets99-101. These findings are based on research in monkeys, including rhesus
macaque and Japanese macaque (Macaca fuscata), that showed populations of neurons
associated with visual guidance of hand movements99, 100. In our study RA-2 showed stroke
anatomy that extended into the parietal lobe, while in RA-1 stroke anatomy was limited to the
frontal lobe. Accordingly, the NHP with parietal lobe damage (RA-2) demonstrated greater
difficulty reaching smoothly to the visualized target using the paretic limb and demonstrated
greater IDE (Figure 4.5). These deficits in the parietal area likely result in deficiencies in
sensorimotor integration, which could help explain the obvious issues in reach trajectory in the
affected limb of NHPs after MCAO98, 100. More research that quantifies sensorimotor deficits and
correlates this with damaged brain regions, perhaps using neural recordings or diffusion tensor
imaging (DTI), would be useful to explore why these sensorimotor deficits are present following
right MCA stroke in NHPs.
5.2.1 Analysis of Movement Parameters
Past research has found a correlation between aspects of movement (i.e. accuracy,
duration, segmentation, and coordination) and the extent of motor impairments90. To assess
whether robotic technology could quantify spatial and temporal aspect of sensorimotor behaviour
in NHPs following MCAO we analyzed four movement attributes. The parameters analyzed
represent four different components of sensorimotor control, and were selected based on their
usefulness in identifying sensorimotor changes in human stroke patients64, 84, 91, 102. In particular,
we chose to analyze the sensorimotor attributes: RT, IDE, MT, and number of speed maxima.
72

These parameters were identified based on motor control theory and may elucidate underlying
motor control system strategies during reaching movements74. These sensorimotor attributes
identified meaningful disparities between control and experimental animals and importantly
individual differences between the affected and unaffected limbs of NHPs with MCAO.
We considered including maximum velocity in our analysis, as previous studies of
unassisted reaching tasks in humans have done64. However, we detected a confound in this
measurement; movement trajectory influenced velocity achieved, such that animals that made a
curved or swooping motion to reach the target would demonstrate increased velocity. Thus, it is
not an ideal measure to quantify effects of MCAO on sensorimotor behvaiour. It has been
debated whether peak velocity increases or decreases in stroke patients when performing a
reaching movement88, 91, 103. Previous research has shown that maximum speed during reaching
tasks does not significantly change over time in humans, such that there are no obvious trends in
direction91, 96, 104. Traditionally, it has been assumed that increased mean velocity predicts
reduced effort and controlled motion92, 103. However, this trend is not consistent and others have
reported the opposite effect in stroke patients90, 105. Motion control is better assessed as an ability
to maintain normal co-activation of agonist/antagonist muscles92, 103. Maximum speed achieved
tells us little in terms of the quality of movement because fast speed could be spastic or
controlled. In fact, one study did report better movement quality with increased movement speed
in stroke patients during a reaching task105. Human studies of post-stroke reaching in the
KINARM indicate that maximum speed was the least effective movement parameter at
differentiating stroke subjects from healthy controls and showed little variation between limbs of
stroke patients64, 74. In fact, out of 12 movement parameters analyzed one study found that
maximum speed was the only parameter that did not show a statistically significant difference
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between paretic and non-paretic limbs in human stroke patients, in addition to showing a
moderate interlimb correlation74. For these reasons we opted not to include this parameter in our
analysis.
5.2.1.1 Reaction Time
This movement characteristic directly assesses the subject’s ability to respond to a visual
stimulus58. Previous research indicates that stroke patients demonstrate increased RT when
prompted to respond to a visual target106-108. However, significant inconsistencies in these
findings have been detected106-108. Presence of visual neglect, size of lesion, lesion location,
lesion hemisphere, timing of testing, and testing procedures have all reportedly influenced the
results obtained106-108. Recent research demonstrated that RT between paretic and non-paretic
limbs of chronic post-stroke patients was significantly correlated, indicating this parameter may
detect factors other than paresis that affect motor control74. Research by Coderre, et al. (2010) in
humans completing an unassisted reaching task in the KINARM robot found a wide range of
RTs in controls but not between limbs of each control individual64. These researchers found
interlimb differences in RT in 54% of the stroke patients they studied and 31% showed
significantly different RTs from 95% of control subjects with their affected limbs64. We similarly
found very small interlimb differences in RT in both C-1 and C-2. In fact, of all the variables we
studied this one showed the smallest difference between limbs in control subjects. One of our
experimental animals (RA-1) showed distinct interlimb differences in RT when using their
paretic limb, while their non-paretic limb indicated comparable RT to controls (Figure 4.4).
Interestingly, RT for the other experimental NHP (RA-2) did not obviously differ from the
control animals in either their paretic or non-paretic limb (Figure 4.4). Differences in stroke
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anatomy could account for discrepancies in RT deficits; greater severity of damage in cortical
circuits involved in attending to a visual stimulus, could produce impaired RT. No matter the
reason for this difference our results suggest that one NHP (RA-1) exhibited deficits in RT while
the other did not (RA-2). This is similar to research in humans that found that only a third of
stroke patients demonstrated longer RTs than controls with their paretic limb64. Our RT results
were variable between experimental animals; hence, it appears this parameter is only moderately
effective at detecting sensorimotor differences between control NHPs and ones with MCAO.
However, this is similar to the variability found in human stroke patients, suggesting robotic
outcome measures show similar results in both NHPs and humans with stroke64, 74, 106-108.
5.2.1.2 Initial Direction Error
IDE evaluates initial movement control processes to assess movement initiation
mechanisms64. This parameter has been found to best distinguish between human stroke and
control subjects64. Human stroke patients show much larger IDE, such that they have greater
degrees of deviation from the most direct path to the goal target64, 84, 89. We similarly found that
NHPs with MCAO showed greater IDE in their affected limb as compared to controls and their
own unaffected limbs. This would indicate impaired initial movement control mechanisms.
Previous research hypothesizes this may be due to a systematic disturbance in the signal that
reaches the limb muscles to produce abnormal spatial tuning of the muscle torques at the
elbow84. Notably in many instances the animals with MCAO were able to modulate their
movement with the paretic limb enough to reach the illuminated target. This result mirrors
results found when human stroke patients perform visually guided reaching tasks64, 84. This
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indicates that the IDE metric shows promise as an effective indicator of sensorimotor changes in
a pre-clinical NHP model of stroke.
5.2.1.3 Movement Time
This sensorimotor feature is a total movement metric that attempts to characterize the
movement as a whole64. Logically it would make sense for a stroke subject with a paretic
contralesional limb to show increased MT when completing a targeted, unassisted reach, and
past research consistently supports that notion in human stroke patients64, 84, 88-91, 102. Research
using the same task and KINARM robot in human stroke patients and healthy control
participants demonstrated increased MT in stroke patients compared to controls and increased
MT in the paretic limb of stroke subjects compared to the non-paretic limb64. Similarly, we
found that NHPs with MCA stroke show increased MT when comparing the left affected limb to
the left limb of control animals (Figure 4.6). This would indicate that this quantitative outcome
measure demonstrates similar results in humans and in a pre-clinical NHP model of stroke.
5.2.1.4 Number of Speed Maxima
This sensorimotor attribute evaluates corrective movement control, particularly assessing
how the subject corrects or adjusts their movement after their initial motor response64. Initial
motor response is defined as the first movement that occurs after movement onset and lasts until
the first hand speed minima. It is important to assess corrective control mechanisms as research
shows reduced smoothness in the reaching motor patterns in human stroke patients91. To quantify
this aspect we counted the number of speed peaks during the unassisted reaching movement. An
increase in speed maxima represents an increased amount of corrective movements to reach the
goal target. Past research demonstrates asymmetries in the number of speed peaks between
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paretic and non-paretic limbs of stroke patients64, 84, 103. Comparison of stroke patients and
controls in an unassisted reaching task conducted in the KINARM indicated a greater number of
maxima in stroke patients with their affected limb than in controls64. We found analogous results
as there were asymmetries between experimental animal’s limbs, such that reaching with paretic
limbs showed an increased amount of peaks, and more maxima were detected in NHPs with
MCAO than in control animals. However, the usefulness of this parameter has recently been
debated as it is questioned whether improved smoothness through a reduction of corrective
movements in the non-paretic limb is a learned process and not a natural consequence of the
neuromuscular system following stroke74. Future studies that elucidate the neurological
mechanism of these corrective movements will be required to demonstrate this parameters
efficacy as a measure of sensorimotor ability following stroke74.
Our findings support the ideas first established by Coderre, et al. (2010) that
demonstrates quantitative assessment of performance in an unassisted reaching task with the
KINARM robot was able to quantify sensorimotor deficits following stroke64. By analyzing four
different sensorimotor attributes representing four movement components we showed similar
results in NHPs with MCA stroke to those previously reported in human stroke patients64. In this
way analysis on one task provided a wealth of information on various sensorimotor features of
upper limb movement.
These data show tremendous promise for future translational stroke research. Not only do
these results demonstrate the usefulness of NHPs as a pre-clinical stroke model, they also
indicate that robotic technology can be used to assess sensorimotor deficits in this NHP model.
This suggests robotic assessment is feasible in both humans and NHPs, which will be beneficial
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in bridging the gap between experimental research and clinical trials in humans through the use
of conserved outcome measures.

5.3 Anatomical and Behavioural Correlates of Sensorimotor Outcomes
5.3.1 Behavioural Correlate - NHPSS
The relatively low score on the NHPSS in experimental NHPs is appropriate given that
both monkeys were able to successfully complete the visually guided reaching task repeatedly.
Had they had severe issues with neglect, hemianopia, extremity movement, and state of
consciousness as indicated by a higher score on the scale they might have shown greater
difficulty or even an inability to perform the task in any capacity. Further, one would particularly
expect to see deficits in RT had the animals suffered from severe neglect or hemianopia;
however, only one animal showed considerably longer RT with their left limb (RA-1).
Surprisingly, this was the primate with the smaller NHPSS score (RA-1). Accordingly, this NHP
showed a smaller degree of deficits in the other three movement parameters analyzed (MT, RT,
and number of speed maxima). From the scores one would expect RA-2 to show greater deficits
in all movement parameters analyzed and with the exception of RT this is precisely what was
observed. These results indicate that the NHPSS score mostly correlates with the robotic
outcome measures we analyzed.

5.3.2 Anatomical Correlates - MRI
We detected differences in lesion placement on MRI scans, such that RA-2 showed
increased lesion area in the parietal lobe. Both animals demonstrated damage of the primary
motor cortex in the frontal lobe following the MCAO procedure; this makes sense in the context
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of the reaching deficits observed in the contralesional limb. Accordingly, results demonstrating
longer MT, greater IDE, and increased number of speed maxima in the left limb of both animals
with MCA stroke, as compared to their right limb and control animal’s limbs are not surprising
(Figures 4.5-4.7). With more extensive stroke anatomy that extended into the parietal lobe one
would expect RA-2 to show greater deficits in reaching behaviour. With the exception of RT
this is exactly what we found, with greater overall mean deficits in both limbs in all other
sensorimotor attributes analyzed. IDE and number of speed maxima are both dependent on an
ability to localize the target in space; thus, parietal lobe injury may impair spatial aspects of the
reaching behaviour. This is congruent with past research implicating superior parietal lobe
damage in impaired visuospatial abilities, which are especially common after right hemispheric
stroke95, 97. Furthermore, with increased difficulty localizing the target in space and conducting
the proper reach increased MT would be expected, which is what we observe in RA-2. However,
an ability to respond to the visual stimulus does not seem to be affected in the NHP with parietal
lobe damage (RA-2), while it is found in the other experimental NHP (RA-1). The impaired RT
in RA-1 may be the result of impaired motor function from greater damage in the primary motor
cortex. Overall, the lesion anatomy does correlate with behavioural deficits.

5.4 Study Limitations
Owing to the novelty of this research and the inherent difficulties working with NHPs
there were limitations in this study that should be addressed. No research group has ever
attempted to use the KINARM robotic exoskeleton to obtain neurobehavioural outcome
measures in a NHP primate MCA stroke model. Consequently, there was no previous research to
consult when deciding on methodology. This made it challenging to make informed decisions
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especially in terms of training procedures and task parameters. Furthermore, with so few NHPs
the statistical power of our results is limited. This analysis is best perceived as a pilot study that
provides preliminary steps in the use of robotic technology pre-clinically in a NHP stroke model.
5.4.1 Training Procedures
Animals were trained every other day. This was done to ensure they were motivated with
each data collection session. However, this may have resulted in inconsistencies in task
performance and caused difficulty learning the task. Further, anecdotal observations indicate that
the animals perform better at the end of the week than the beginning; hence, parameters at the
end of the week are consistently higher than the beginning of the week. Training animals seven
days a week may help to combat these issues. Future studies should enforce a maximum quantity
of liquid reward to be earned during a session rather than allowing them to earn as much as they
can on a training day and be unmotivated the next day.
5.4.2 Influence of Hand Preference
A potential caveat that may have influenced the animals’ task performance was hand
preference. Previous research attempting to discern lateralization in NHP species has largely
been inconclusive85, 109. A multitude of factors have been implicated in NHP hand preference
including task complexity, age, and species85, 109-111. Increased age seems to be associated with
increased hand preference; similarly task repetition appears to strengthen hand preference111.
High level tasks that involve bimanual coordination and fine motor skills show a right limb
population bias, whereas low level tasks, such as the visually guided reaching task used in this
study, demonstrate a left limb bias110. On the contrary, other studies indicate complex tasks
show a handedness bias at the population level, while simple unimanual tasks do not show
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significant lateralization85, 112. Our results are more in line with the latter findings, as control
animals demonstrated strengthened reaching ability with the right limb; however, this inter-limb
difference was modest. This suggests a fairly symmetrical performance between limbs in
controls. Importantly, repetition effects may have come into play here; during task learning the
right limb was initially emphasized in controls.
The species assessed also influences the effects of handedness. Chimpanzees and gorillas
have been found to be right hand dominant, whereas Old World Monkeys including the rhesus
and Japanese macaque show a left limb bias85, 109. However, results are less conclusive in
cynomolgus macaques85. In fact, in the same tasks that rhesus macaques demonstrate a
population left-handedness cynomolgus macaques fail to show a significant population bias85, 113.
A recent study in cynomolgus macaques demonstrated variable hand preference across four
different manual dexterity tasks both within and between individuals, with 62% of subjects
showing no significant hand dominance85. Researchers also found handedness changes even
within a training session, such that at the start of the session the primate will favour one limb and
switch to the other before the session ended85. Thus, cynomolgus macaques’ handedness is less
consistent with significant variation in the percent and direction of lateralization85. Similarly,
Cook et al. (2012) demonstrated that cynomolgus macaques did not possess strong limb
dominance when conducting the two-tube test prior to MCAO procedure 28. Accordingly,
although cynomolgus macaques appear to be one of the most ambidextrous NHP species, certain
individuals may still show a degree of lateralization. This is further complicated by the fact that
this hand preference could be task specific85. We could have better controlled for these
preferences by ensuring the right and left limb received an equal amount of training. Though
attempts were made to ensure that animals were given the opportunity to work with both limbs
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during each training session, it would be challenging to maintain this equality during task
learning, particularly with regards to the experimental animals. We could have used a dexterity
board task to objectively test for hand preference in control subjects. This potential handedness
could also have implications in reaching ability in experimental animals. One paper suggests that
monkeys with stronger lateralization will show slower recovery of the skilled hand following a
lesion to the hemisphere contralateral to the preferred hand114. It would have been ideal to assess
for hand preference prior to the MCAO procedure in experimental animals as this may have
influenced task performance.
5.4.3 Influence of Neglect
Visuospatial neglect is described as an inability to orient or respond to stimuli, usually to
those located in the contralesional visual field115. Neglect is an attention deficit that is very
common following stroke, particularly in stroke that affects the right brain hemisphere. It is
estimated 13-81% of stroke sufferers will have some form of neglect; this wide range is due to
differences in diagnostic assessments and timing of diagnosis116. Therefore, it is probable that
the experimental animals used in this study had some form of neglect. This creates a potential
confound as we cannot be positive whether deficits in the reaching task were the result of issues
in motor planning and implementation or a lack of awareness of the stimuli. This caveat is
exacerbated by the fact that experimental animals may also have suffered hemianopia as a result
of the MCAO, which would impair their task performance. Neglect is a heterogeneous disorder;
the most common form affects perception and results in reduced awareness of the neglected
side116. In contrast, motor neglect affects movement initiation and precision in certain portions of
space116. Ideally we would be able to control for neglect in experimental animals. However, this
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is complicated as most clinical assessment tools rely on observational techniques that are not
feasible in monkeys, such as the line-bisection test, letter cancellation test, and clock-drawing
task117. The NHPSS does assess for neglect and hemianopia and thus would be the best method
to test for these conditions in animals after MCAO. Fortunately, for the purpose of our research it
is irrelevant as to whether the animals did have neglect, as experimental animals were able to
complete the unassisted reaching task in some capacity. In fact, hand path graphs indicate one of
the experimental animals (RA-2) consistently made initial movements to the left, even when
reaching to targets that were right of the centre target. Thus suggests awareness of the
contralateral side. Similarly, RA-1 did not show obvious signs of ignoring the left side, as hand
path graphs indicate successful reaches to left targets with the affected limb. Additionally,
NHPSS assessments from 30 days post stroke do not indicate significant neglect in experimental
NHPs. Neglect is a common condition following stroke; however, even if behaviour in
experimental NHPs was affected by neglect, the deficits seen in reaching performance are still
due to MCAO. We cannot say with certainty the etiology of these deficiencies in reaching
performance. A potential future direction of study would be to use the NHPSS to identify
animals that likely have neglect and ones that likely do not and compare their reaching task
performance in the KINARM exoskeleton.
5.4.4 KINARM
The KINARM robot enables precise, quantitative assessments of elbow and shoulder
joint motion during a visually guided, unassisted reaching task. However, analysis is limited to
movements in the horizontal plane and strictly to assessments of the upper limbs. Hence, we
have a thorough analysis of a specific type of movement, but our examination of sensorimotor
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deficits remains incomplete. This reaching movement represents only a portion of the potential
motor deficits affecting the NHPs. We must acknowledge that the influence of gravity
compensation during task completion may have influenced some of our findings; these results
may not be found using a different robotic device92. The full weight supporting aspect of this
device may result in failure to detect certain aspects of impairment in the paretic limb of stroke
subjects and may not provide accurate information regarding real world movements performed in
3-D74. However, it also enables successful evaluation of sensorimotor function even in subjects
with severe hemiparesis74. In our study the robot remained conserved thus, we can reliably relate
our findings between NHPs in the study. Further, sensorimotor deficits were obvious even with
gravity compensation.
Experimental animals may have learned compensatory methods to accomplish the task
and obtain reward without actually performing the desired reaching behaviour. Motor
compensation is defined as the appearance of novel motor patterns that result from the adaptation
or substitution of existing movements118. This issue is inherent to studying motor performance
after stroke unless clear efforts have been made to make these adaptations impossible. Previous
research has provided evidence to support the notion that stroke patients alter how they perform
reaching movements to adapt to their motor impairment; this is reportedly done by recruiting
extra degrees of freedom (DOF), such as increasing trunk flexion and shoulder girdle motion to
accomplish the movement90, 92, 94, 105, 119. In this way people with stroke extend the reach of their
arm by exploiting the redundancy and plasticity of the motor system90, 94, 105. Further, the
magnitude of the compensatory strategy seems to be related to the extent of motor impairment90,
105, 120

. The KINARM limits movements to 2 DOF, which reduces movement redundancy, but is

unable to abolish the use of compensatory mechanisms completely. It is possible that adding a
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strap to go around the trunk would help inhibit compensatory movement74, 92, 120. Observations
from RA-2 demonstrated use of the ipsilesional limb to assist the contralesional limb in
completing reaching movements. Attempts were made to ensure trials with this strategy were not
used in the final analysis. Developing a mechanical device to limit movement of the unaffected
limb during trials with the affected limb would have been useful. Although we can quantify
various aspects of NHP’s reaching movement with the KINARM we can deduce very little
regarding why they are behaving in this manner. More specifically, we cannot tell if successful
reaching is the result of genuine motor recovery or motor compensation92. Next steps for this
research could include a more in-depth kinematic analysis of elbow and shoulder joint mechanics
during task completion. This would help to identify and quantify motor compensation in the
upper limb92, 121.
We chose to analyze only successful trials; in this way we are limiting our analysis to the
best movements. The fact that we were still able to demonstrate appreciable differences between
limbs of experimental and control animals and between limbs of monkeys with MCAO during
analysis indicates the KINARM is an effective quantitative outcome measure in pre-clinical NHP
stroke models. However, the precise severity of deficit may be underestimated in these results.
By solely analyzing successful trials we were able to tightly control movement parameters to
enable valid comparisons both within and between the animal’s conditions. Beyond assessing
the percentage of good versus bad trials, we did not take steps to analyze unsuccessful trials.
Future studies could focus on a separate analysis of “bad reaches” to further quantify
sensorimotor impairments.
5.4.5 Choice of Task Parameters
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As this was the first time a cynomolgus macaque performed a visually guided reaching
task in the KINARM and the first time a NHP with MCAO conducted this reaching task, the
parameters were not explicitly defined because we were unaware of what the animals were
physically and cognitively capable of performing consistently. In the hopes of determining
realistic settings for the task, parameters were changed frequently. Task parameters were
moderately altered on a daily basis owing to the ability of the NHP on that particular day.
Ambient noise that distracted the monkeys from the task, resulting in diminished task
performance. Each animal was unique in how fast they learned the task and what kind of
difficulty level they could achieve. This led to divergent and inconsistent task parameters. As a
result of these shifting task conditions some movement parameters, such as MT, may have been
influenced by the divergent target size across animals; this would have influenced our findings
slightly. However, the trends we found were in line with our hypotheses; animals with stroke
showed impaired reaching performance according to movement analysis. If anything, making the
task easier for experimental animals should have improved their overall performance. On the
contrary, we found performance was worse in the contralesional limbs despite easier task
parameters. Future studies should have a defined period of training time when task parameters
can change to get a sense of the animal’s reaching ability and what task settings seem feasible.
After this specific task parameters should be defined and implemented, such that the monkey
must perform at that standard on a daily basis until sufficient reward has been achieved. Despite
these obvious issues we were able to demonstrate that the NHPs were able to successfully
accomplish the task. We clearly saw stark performance differences between our control animals
and monkeys with stroke and most importantly interlimb differences in the experimental
subjects. Incorporating a statistical analysis, specifically using a two-factor mixed ANOVA,
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would be a useful next step to add credence to these findings and objectively assess the severity
of the neurobehavioural deficits resulting from MCA stroke.
Here we have taken the first steps towards developing a novel pre-clinical stroke model
by demonstrating that robotic outcome measures from a visually guided reaching task are
feasible in NHPs with MCAO.
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Chapter 6 – Conclusions and Future Directions
This research represents the first time robotic technology, specifically the KINARM
robotic exoskeleton, has been used in a NHP model of stroke. Robotic technology provides a
method to quantify specific aspects of sensorimotor impairment to assess deficits in
neurobehaviour following stroke. By analyzing specific sensorimotor attributes we quantitatively
evaluated reaching behaviour deficits in NHPs following MCAO using the KINARM robotic
exoskeleton. The outcome measures and robotic device employed in this study can be used in
both human and NHP subjects. This will be necessary as findings from experimental research are
translated into clinical trials64, 68. NHPs have been suggested to help bridge the gap between preclinical research and clinical trials and this research adds further credence to that claim12, 21, 28, 36.
Our findings in NHPs following MCA stroke were similar to those found in human stroke
patients64. This indicates that robotic technology can be used in a pre-clinical NHP stroke model
to assess sensorimotor deficits following stroke. In particular, we found the spatial movement
parameter IDE and the temporal attribute MT were especially effective at quantifying differences
in NHP sensorimotor ability between animals with and without MCAO.
Next steps for this research include the use of DTI and MRI to correlate anatomical
changes with sensorimotor behaviour in the unassisted reaching task. This could identify the
impact of damage in certain parts of the brain to particular deficits in sensorimotor ability.
Reaching performance could also be compared quantitatively across animals with different
stroke anatomy. Reports of subjects with right hemisphere stroke showing greater deficits in
movement parameters could be assessed pre-clinically with greater control over lesion size and
location to directly compare effect of lesion hemisphere64. Electroencephalography (EEG) could
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be conducted in NHPs while they are performing the reaching task; in this way, one could
correlate physiological markers with quantitative movement parameters. This could begin to
elucidate the physiological mechanisms that underlie changes in sensorimotor behaviour
following stroke.
This research takes preliminary steps to developing a set of quantifiable outcome
measures in a pre-clinical model of stroke. From this point there are a variety of ways to build on
these initial results. One exciting avenue of research is to conduct a more detailed analysis of the
compensatory movements produced by the NHPs when performing the task. Previous research
indicates that when trunk flexion is restricted in hemi-paretic stroke patients they show an
increased range of motion in the elbow and shoulder joint and increased inter-joint coordination
while performing an unassisted reaching task105, 120. Researchers have suspected that stroke
patients will unconsciously use compensatory movement strategies as opposed to using their full
motor potential105, 120. By restricting compensatory mechanisms subjects may be more likely to
develop patterns of movement coordination that are more similar to healthy control subjects105,
120

. It would be interesting to see whether we would observe the same results in NHPs with

MCAO. This could facilitate development of new techniques to rehabilitate sensorimotor
behaviour. Additionally, we could employ EEG recordings or DTI techniques to assess whether
there are any changes in neural firing patterns and connectivity as a result of this therapy.
Clinically, it is important to quantify motor compensation strategies after stroke to better
understand the recovery processes121. From a motor control perspective it would be telling to
assess how joint redundancy is exploited to accomplish the reaching task121. Further analyses on
compensatory strategies would provide greater insight into stroke recovery processes and could
help with developing new rehabilitative strategies.
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It would also be interesting to assess precise sensorimotor changes that occur as a result
of stroke. To accomplish this NHPs could be trained in the reaching task, using the KINARM to
assess performance prior to MCA stroke induction. These control measures could then be
compared to neurobehavioural measures obtained following initial recovery. Longitudinal
assessments are also possible with this model to evaluate how reaching behaviour changes over
time in animals with stroke. Neuroimaging could be conducted to assess for neuroplasticity and
other anatomical changes that may influence evolution of neurobehavioural task performance.
This research could also be used to provide insight into mirror therapy for rehabilitating
stroke patients. Mirror therapy has recently been shown to support motor recovery, and improve
sensory and attention deficits in stroke patients122-124. In this therapy the unaffected limb
performs a sensorimotor task while the subject watches the reflection of their arm through a
mirror so that it appears as if the affected limb is the one performing the movement122-124.
Optimal procedures in humans have yet to be identified; however, even therapy once a week has
been shown to increase activity in the primary motor cortex through functional magnetic
resonance imaging (fMRI); therapy five days a week demonstrated improved motor function and
stimulated recovery from hemineglect122, 123. This therapy could be replicated with the NHPs in
the KINARM. The KINARM would enable reliable quantification of specific aspects of
movement, while the added control available in NHPs would enable single cell recordings in the
damaged primary motor cortex. This would offer improvements over use of qualitative FMA and
non-specific fMRI as outcome measures used in humans. Experiments that control for lesion size
and location in NHPs could assess effects of timing in mirror therapy implementation. Detailed
assessments of the use of mirror therapy in NHPs could have important implications in future
studies in human populations.
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An emerging rehabilitative therapy in the treatment of stroke is the combination of robotassisted therapy (RAT) and constraint-induced movement therapy (CIMT)125, 126. Combining
these two therapies has been shown to have an additive effect on functional improvement and
motor performance as assessed by clinical outcome measures and kinematic analysis during a
reaching task125, 126. RAT and CIMT both focus on using intensive, repetitive task-specific
practice to improve motor response and have previously been validated, in addition to showing
improved upper limb sensorimotor ability following stroke92, 127-132. Despite RAT showing
improvements in upper limb strength and arm function, it has been criticized for not translating
to functional improvements through enhanced performance of ADL133, 134. Moreover, it has been
suggested that improved motor performance after CIMT is the result of compensation and not
restoration of motor function92, 118. In CIMT subjects are made to use their paretic limb to
accomplish various neurobehavioural tasks, while RAT focuses on using robotic devices to
facilitate neurobehavioural tasks in the affected limb92, 129, 132. Future studies could develop a
novel protocol to merge these two therapies in a pre-clinical NHP model in a robotic device. The
robot could prevent compensatory movement and inhibit motion in the non-paretic limb while
providing active and/or passive assistance to complete a neurobehavioural task.
Merging NHPs and robotic technology marks an exciting next step in future translational
stroke research and this study is the first to show that sensorimotor impairment after MCA stroke
in an NHP model can be quantified with the KINARM exoskeleton robot.
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